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I. 


INTRODUCTION. 


The  insulin-like  growth  factor  binding  proteins  (IGFBPs)  1-6  bind  IGF-I  and  IGF-II  with 
high  affinity  and  serve  to  transport  the  IGFs,  prolong  their  half-lives,  and  modulate  their 
proliferative  and  anabolic  effects  on  target  cells.  The  molecular  mechanisms  involved  in  the 
interaction  of  the  IGFBPs  with  the  IGFs  and  their  receptors  remain  unclear,  but  these  molecules 
appear,  at  least,  to  regulate  the  availability  of  free  IGFs  for  interaction  with  IGF  receptors. 
Recent  studies  from  our  laboratory  and  others  demonstrated  that  some  IGFBPs  have  ability  to 
exert  IGF-independent  actions. 

In  this  project,  I  proposed  investigation  of  the  characterization  of  the  IGFBP-3-specific 
receptor,  the  elucidation  of  the  pertinent  signal  transduction  pathways  and  analysis  of 
structure-function  relationships  in  the  IGFBP-3  in  the  context  of  growth  control  in  human 
breast  cancer. 

II.  BODY. 

I.  characterization  of  the  IGFBP-3  receptor  in  human  breast  cancer  cells  (Tasks  1-7). 

In  our  continuing  investigation  of  the  biological  importance  of  IGFBP-3,  we  are  characterizing 
specificity  of  the  IGFBP-3  receptor  binding  to  IGFBP-3  and  involvement  of  the  IGFBP-3 
receptor  on  the  IGFBP-3 -induced  growth  inhibition. 

As  IGFBP-3  has  been  previously  reported  to  specifically  bind  to  the  surface  of  breast  cancer  cells 
and  subsequently  exhibit  growth  suppressing  activity,  I  further  determined  whether  the  IGFBP-3 
receptor  might  participate  in  this  process.  Hs578T  and  MCF-7  human  breast  cancer  cells  were 
transiently  transfected  with  a  construct  encoding  IGFBP-3  receptor  FLAG-tagged  at  the 
C-terminus  (4-33F)  or  with  vector  alone.  These  cells  were  then  subjected  to  a  monolayer  binding 
assay  using  125I-labelled  IGFBP-3.  The  overexpression  of  4-33  resulted  in  a  30-60%  increase  in 
IGFBP-3  binding  to  the  cell  surface  relative  to  cells  expressing  endogenous  levels  of  4-33  (Figure 
1).  This  result  was  greatly  magnified  when  the  same  assay  was  done  using  Sf9  insect  cells  either 
uninfected  or  infected  with  virus  harboring  the  4-3  3F  cDNA,  as  the  infected  cells  overexpress  4- 
33f  to  a  much  greater  degree  compared  to  control  cells.  In  these  cells  the  increase  in  IGFBP-3 
cell  surface  binding  was  nearly  3.5  fold  over  control.  The  increased  IGFBP-3  binding  was 
competed  in  a  dose-dependent  manner  with  the  addition  of  cold  IGFBP-3,  and  was  unaffected  by 
the  presence  of  the  FLAG-tag  at  the  C-terminus  of  the  4-33  protein.  Further,  fragments  of 
IGFBP-3  containing  the  putative  binding  region  for  4-33  (amino  acids  88-148)  were  able  to 
successfully  compete  labelled  full-length  IGFBP-3  binding,  but  an  N-terminal  fragment  comprised 
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of  amino  acids  1-97  was  not.  Additionally,  other  IGF  binding  proteins  were  unable  to  compete 
IGFBP-3  binding  in  this  assay,  demonstrating  IGFBP-3  specificity. 


A) 


IGFBP-3  Cell  Surface  BindingAssay 


B) 

Competitive  Binding  Results 
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Figure  1.  A)  Increased  cell  surface  binding 
of  IGFBP-3  to  cells  overexpressing  4-33.  B) 
Competitive  inhibition  of  IGFBP-3  cell 
surface  binding  with  unlabelled  IGFBP-3. 
Only  fragments  containing  amino  acids  88- 
148  were  able  to  sucesslully  compete  full- 
length  IGFBP-3  binding.  Other  IGF 
binding  proteins  were  unable  to  compete. 


The  IGFBP-3  receptor  involvement  in  IGFBP-3  biological  function:  cell  cycle  arrest  and 


apoptosis. 

To  facilitate  the  study  of  the  biological  actions  of  4-33  and  IGFBP-3,  we  have  generated  a 
stably-transfected  inducible  IGFBP-3  MCF-7  breast  cancer  cell  line  using  the  ecdysone-inducible 
system  (see  Appendix  1).  One  of  the  sublines,  designated  MCF-7:BP-3  #3  (colony  #3),  inducibly 
produced  IGFBP-3  at  levels  comparable  to  the  endogenous  levels  produced  by  Hs578T  cells. 
The  induction  of  IGFBP-3  in  these  cells  caused  inhibition  of  growth  and  DNA  synthesis  as 
measured  by  incorporation  of  [3H]thymidine,  to  a  similar  degree  as  has  been  described  for 
treatment  of  MCF-7  cells  with  exogenous  IGFBP-3.  Induced  expression  of  IGFBP-3  in  these 
cells  further  leads  to  cell  cycle  arrest  at  Gi.  We  observed  an  increase  in  the  percentage  of  cell  in 
Gi  from  72.1%  to  78.1%,  with  a  concurrent  decrease  in  cells  in  S  and  G2/M  phases  (data  not 
shown,  see  Appendix  1).  Further,  our  data  indicate  that  IGFBP-3  induces  apoptosis  in  this  cell 
system  (Figure  2). 

A)  B) 
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Figure  2.  A)  IGFBP-3 -induced  cell  cycle  arrest.  B)  IGFBP-3  induction  of  apoptosis,  as  measured  by  Annexin  V 
binding  and  assays  for  caspase  activity.  *  =  p<0.05. 

Studies  of  4-33  in  breast  cancer  cells  which  produce  IGFBP-3  demonstrated  that  transient 
overexpression  of  4-33  resulted  in  a  significant  increase  in  cell  detachment  /  death  over  time, 
compared  to  little  or  no  effect  in  cells  which  do  not  produce  IGFBP-3  (data  not  shown). 
IGFBP-3 -expressing  Hs578T  cells  displayed  fewer  cells  per  field  following  transient 
overexpression  of  4-33  compared  to  transfection  with  vector  alone,  while  no  such  effect  was  seen 
in  IGFBP-3 -nonexpressing  MCF-7  cells.  We  further  investigated  the  effect  of  4-33  and  IGFBP-3 
on  cell  proliferation  as  indicated  by  incorporation  of  [3H]thymidine  during  DNA  synthesis.  We 
compared  wild  type  MCF-7  cells  with  the  MCF-7:BP-3  #3  subline,  with  and  without  incubation 
with  ponasterone  A.  As  expected,  induction  of  IGFBP-3  by  ponasterone  A  resulted  in  an 
inhibition  of  DNA  synthesis  to  an  average  of  55%  of  control  levels  (Figure  3).  With  the 
additional  over  expression  of  4-33  in  these  cells,  DNA  synthesis  was  further  inhibited  down  to  an 
average  of  35%  of  control  levels.  Overexpression  of  4-33  had  no  significant  effect  on  DNA 

synthesis  in  the  absence  of  IGFBP-3  (either  wild  type 
MCF-7  or  uninduced  MCF-7  :BP-3  #3  cells),  and 
ponasterone  A  had  no  inhibitory  effect  in  wild  type  MCF-7 
cells. 


Figure  3.  Growth  inhibition  of  breast  cancer  cells  by  IGFBP-3  and 
4-33.  4-33  enhances  the  IGFBP-3  growth-inhibitory  effect  on  breast 
cancer  cells  as  measured  by  thymidine  incorporation.  *  =  p<0.05. 


2.  Identification  of  the  IGFBP-3/IGFBP-3  receptor-induced  signal  tansduction  pathway 
(Tasks  8  and  9) 

As  reported  last  year,  we  have  successfully  generated  inducible  IGFBP-3  stably  transfected  human 
breast  cancer  cell  line,  MCF-7:IGFBP-3  #3  (see  Appendix  1).  Dose-dependent  inducible 
production  of  IGFBP-3  protein  was  detected  in  the  induced  stably-transfected  cells,  compared  to 
undetectable  levels  in  control  parental  and  uninduced  stably-transfected  cells.  Induction  of 
IGFBP-3  in  these  cells  showed  dose-dependent  inhibition  of  DNA  synthesis  as  assessed  by  [^H]- 
thymidine  incorporation  assays.  This  inhibitory  effect  was  abolished  by  co-treatment  with  Y60L- 


3H-Thymidine  incorporation 
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IGF-I,  an  IGF  analog  which  has  significantly  reduced  affinity  for  the  IGF  receptor  but  retains  high 
affinity  for  IGFBP-3,  demonstrating  specificity  and  IGF-independence.  In  addition,  flow 
cytometry  analysis  showed  that  induced  expression  of  IGFBP-3  led  to  an  arrest  of  the  cell  cycle  in 
Gl-S  phase.  Induction  of  IGFBP-3  resulted  in  a  significant  decrease  in  the  mRNA  and  protein 
levels  of  cyclin  D,  but  not  cyclin  E,  as  well  as  concomitant  decreases  in  the  levels  of  cdk4,  total- 
Rb,  and  phosphorylated-Rb,  consistent  with  and  presenting  a  possible  mechanism  for  IGFBP-3 - 
induced  cell  cycle  arrest.  Moreover,  IGFBP-3  inhibited  oncogenic  Ras-induced  phosphorylation 
of  MAPKs,  presenting  the  evidence  for  cross-talk  of  IGFBP-3  signaling  with  MAPK  signal 
transduction  pathway.  IGFBP-3 -expressing  cells  also  displayed  increased  Annexin  V  binding 
compared  to  controls,  exhibiting  the  IGFBP-3-induced  apoptosis.  Further  studies  demonstrated 
that  IGFBP-3  caused  an  increase  in  caspase  activities,  suggesting  a  potential  mechanism  for  the 
IGFBP-3 -induced  apoptosis.  Taken  together,  present  study  shows  that  cellular  production  of 
IGFBP-3  leads  to  cell  cycle  arrest  and  induction  of  apoptosis,  thereby  inhibiting  cell  proliferation 
in  these  MCF-7  human  breast  cancer  cells  and  suggesting  that  IGFBP-3  functions  as  a  negative 
regulator  of  breast  cancer  cell  growth,  independent  of  the  IGF  axis. 


Cell  cycle  arrest.  I  examined  the  effect  of  the  IGFBP-3  receptor  on  these  specific  proteins  known 
to  be  involved  in  cell  cycle  progression  and  the  apoptotic  process.  Hs578T  and  MCF-7  cells,  and 
the  IGFBP-3 -constitutively  expressing  MCF-7:BP-3  #1  cell  line  were  either  left  untreated,  treated 
with  an  apoptosis  inducer  (sodium  butyrate,  NaB),  or  transfected  with  vector  alone  or  the 
IGFBP-3  receptor.  At  24  hours  post-transfection  cell  lysates  were  harvested,  assayed  for  protein 
content,  and  equal  amounts  of  protein  per  sample  were  immunoblotted.  Examination  of  cell  cycle 
proteins  cyclin  Dl,  cyclin  E,  and  p21AVafl  revealed  a  specific  decrease  in  the  level  of  cyclin  D1 
protein  in  the  IGFBP-3  receptor-transfected  cells  in  the  presence  of  IGFBP-3.  Control 
transfected  cells,  and  the  IGFBP-3  receptor-transfected  cells  in  the  absence  of  IGFBP-3  had  no 
effect  on  cyclin  Dl  levels.  Cyclin  E  and  p21AVafl  were  unaffected  by  these  treatments,  while 
proper  induction  of  p2lAVafl  was  seen  with  NaB  treatment.  Additionally,  when  the  IGFBP-3 
receptor-transfected  cells  were  examined  by  immunofluorescence  with  antibodies  against  Cyclin 
Dl,  Rb  and  the  IGFBP-3  receptor,  a  significant  reduction  in  both  Cyclin  Dl  and  Rb 
immunodetectable  protein  levels  occurred  in  4-3  3 -transfected  cells,  but  not  in  neighboring 
untransfected  cells  (Figure  4). 
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Figure  4.  Effect  of 
the  IGFBP-3 
receptor  (4-33)  and 
IGFBP-3 

overexpression  on 
cell  cycle  proteins 
in  breast  cancer 
cells.  A)  Specific 
decrease  in  the 

level  of  Cyclin  D1  in  cells  overexpressing  4-33.  The  levels  of  Cyclin  E  and  p21AVafl  were  unaffected.  B) 
Immunofluorescence  data  showing  specific  reduction  of  immunodetectable  levels  of  Cyclin  D1  and  Rb  proteins  in 
cells  overexpressing  4-33,  but  not  in  neighboring  untransfected  cells. 


Cyclin 

D1 


Rb 


A  possible  mechanism  for  this  effect  may  be  perturbation  of  p44/42  mitogen-activated 
protein  kinase  (MAPK)  signaling  pathways.  Our  data  indicate  that  levels  of  phosphorylated 
MAPK,  Cyclin  Dl,  and  phosphorylated  retinoblastoma  (Rb)  proteins  are  significantly  reduced 
upon  induction  of  IGFBP-3  expression  in  MCF-7:BP-3  #3  cells  (Figure  5). 


Time  (d)  0  1  2 
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:  &&& 
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Figure  5.  Western  immunoblot  and  immunofluorescence  data  showing  a  significant  decrease  in  the  levels  of 
phospho-p44/42  MAPK,  Cyclin  Dl,  and  phospho-Rb  proteins  with  induction  of  IGFBP-3  expression. 
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Apoptosis:  We  further  investigated  whether  the  IGFBP-3  receptor  plays  a  role  in  IGFBP-3  - 

induced  apoptosis.  Hs578T,  MCF-7,  and  induced  MCF-7:BP-3  #3  cells  were  either  untreated  or 
transfected  with  vector  or  4-33  and  the  cell  cycle  profile  was  analyzed  by  propidium  iodide 
staining  of  DNA  content  followed  by  flow  cytometry  detection  (Figure  6A).  In  each  case,  the 
IGFBP-3  receptor-transfected  cells  displayed  an  increase  in  the  sub-Gl  population  and  a 
concurrent  decrease  in  the  S/G2/M  population  compared  to  control  cells.  A  peak  in  the  sub-Gl 
range  can  be  indicative  of  cells  undergoing  apoptosis.  We  investigated  this  further  using  an 
Annexin  V  assay,  which  is  used  to  identify  cells  early  in  the  apoptotic  process.  By  incubating 
suspended  cells  with  FITC-labelled  Annexin  V,  coupled  with  concurrent  propidium  iodide  staining 
without  permeabilization  of  the  plasma  membrane,  it  is  possible  to  discriminate  between  cells  in 
early  apoptosis  and  those  in  late  apoptosis  or  necrosis  using  a  two-color  flow  cytometric  analysis. 
Hs578T  cells  were  transfected  with  vector  alone  or  the  IGFBP-3  receptor,  and  subsequently 
harvested  and  assayed  at  14,  24,  36,  and  48  hours  post-transfection.  As  shown  in  Figure  6B,  at 
each  time  point,  the  population  of  early  apoptotic  cells  was  significantly  increased  in  the  cells 


transfected  with  the  IGFBP-3  receptor,  compared  to  control-transfected  cells. 

A)  (E^3^+)  MCF-7  B)  Hs578T:AnnexinV/PI 


hours  transfection 


Figure  6,  Induction  of  apoptosis  by  IGFBP-3  and  the  IGFBP-3  receptor  (4-33).  A)  Cell  cycle  analysis  of  breast 
cancer  cells  either  untransfected  or  transfected  with  vector  or  4-33.  B)  Annexin  V  binding  assay  data  from  a  time 
course  of  Hs578T  cells  transfected  with  vector  or  4-33.  Annexin  V  binding  is  an  indicator  of  the  early  stages  of 
apoptosis. 
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As  IGFBP-3  has  been  shown  to  potentiate  caspase  activity,  we  examined  this  phenomenon 
as  a  potential  mechanism  for  IGFBP-3/IGFBP-3  receptor  biological  funtion.  Caspases  are  a 
family  of  evolutionarily  related  cysteine-dependent  proteases,  with  an  universal  specificity  for  Asp 
in  the  Pi  position,  that  play  a  prominent  role  during  the  progression  of  apoptosis.  Activation  of 
caspases  and  subsequent  cleavage  of  critical  cellular  substrates  are  implicated  in  many  of  the 
morphological  and  biochemical  changes  associated  with  apoptotic  cell  death.  Using  an  assay 
which  detects  activity  of  a  broad  range  of  caspases  by  incubating  cell  lysates  with  a  mixture  of 
purified  fluorogenic  peptide  caspase  substrates  and  measuring  subsequent  reaction  kinetics,  we 
demonstrated  a  measurable  and  reproducible  increase  in  caspase  activity  (described  as  pmol 
substrate  cleaved  /  min  /  mg  protein)  in  FIs578T  cells  with  transient  overexpression  of  4-33 
compared  to  control-transfected  cells  (Figure  7). 


Caspase  activity:  Hs578T 

Figure  7.  Potentiation  of  caspase  activity  in  Hs578T 
cells  transiently  transfected  with  4-33F  compared  to 
controls.  *  =  p<0.05. 


CS2+  CS/4-33F 


3.  Characterization  of  structure-function  aspects  of  IGFBP-3  action  in  human  breast 
cancer.  (Tasks  10-13) 

Our  previous  report  demonstrated  that  we  have  generated  proteolytic  fragments  derived 
from  plasmin-digested  recombinant  human  IGFBP-3,  synthetic  fragments  generated  using  the 
baculovirus  expression  system,  and  IGFBP-3  fragments  in  normal  human  urine.  With  each  of 
these  reagents  we  demonstrated  retention  of  IGF  binding  of  an  N-terminal  IGFBP-3  fragment, 
albeit  with  significantly  reduced  affinity  as  compared  to  the  intact  molecule.  In  addition,  we 
demonstrated  that  these  N-terminal  fragments  can  bind  specifically  to  insulin,  and  inhibit  insulin 
receptor  autophosphorylation.  As  further  investigation,  we  identified  differential  effects  of 
IGFBP-3  and  those  IGFBP-3  proteolytic  fragments  on  ligand  binding,  cell  surface  association  and 
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IGF-I  receptor  signaling  (see  Appendix  #2).  We  demonstrated  that  IGFBP-3  showed  a  dose- 
dependent  inhibition  of  autophosphorylation  of  the  beta-subunit  of  IGF-I  receptor  (IGFIR).  The 
(l-97)NH2-terminal  fragment  inhibited  IGFIR  autophosphorylation  at  high  concentrations  and 
this  effect  appears  largely  due  to  sequestration  of  IGF-I.  In  contrast,  no  inhibition  of  IGF-I 
induced  IGFIR  autophosphorylation  was  detectable  with  the  (98-264)  and  (184-264)COOH- 
terminal  fragments,  despite  their  ability  to  bind  IGF.  However,  unlike  the  (l-97)NH2-terminal 
fragment,  the  COOH-terminal  fragments  of  IGFBP-3  retained  their  ability  to  associate  with  the 
cell  surface  and  this  binding  was  competed  by  heparin,  similar  to  intact  IGFBP-3  (Appendix  #2). 
In  addition,  we  are  in  the  progress  to  synthesize  IGFBP-3  mutants  which  show  no  binding  affinity 
to  IGFs,  but  retain  full  affinity  for  the  IGFBP-3  receptor. 


These  preliminary  data  support  the  hypothesis  that  4-33  is  a  functional  receptor  for  IGFBP-3  in 
the  breast  cancer  system,  and  that  the  interaction  of  IGFBP-3  with  4-33  may  be  an  important 
mechanism  in  the  IGF-independent,  growth-inhibitory  actions  of  IGFBP-3.  These  studies  firstly 
demonstrated  the  underlying  mechanism  for  the  IGF/IGFBP-3  receptor-induced  biological 
function;  the  IGFBP-3/IGFBP-3  receptor  axis  arrests  cell  cycle  progression  through  ablation  of 
the  MAPK  signaling  cascades,  and  induces  apoptosis  via  potentiating  caspase  activities. 

Current  findings  under  this  grant  support  will  provide  pivotal  evidence  for  clinical  significance 
and  potential  application  of  the  IGFBP-3/IGFBP-3  receptor  axis  in  the  prevention  and/or 
treatment  of  human  neoplasia,  in  particular,  breast  cancer. 


m.  KEY  RESEARCH  ACCOMPLISHMENTS 

•  Demonstration  of  the  binding  specificity  of  the  IGFBP-3  receptor  (4-33)  to  IGFBP-3  and 
other  binding  proteins. 

•  Characterization  of  the  IGFBP-3 -induced  biological  function  in  human  breast  cancer  ells. 

•  Identification  of  the  potential  mechanisms  for  the  IGFBP-3/IGFBP-3  receptor-mediated  cell 
cycle  arrest  and  induction  of  apoptosis. 

•  Characterization  of  IGFBP-3  proteolytic  fragments  on  ligand  binding,  cell  surface  association 
and  IGF-I  receptor  signaling. 
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IV.  REPORTABLE  OUTCOMES 


•  Devi,  GR,  et  al.,  2000.  Endocrinology,  in  press. 

•  Kim,  H-S,  et  al.,  2000.  J.  Biol.  Chem,  in  submission. 

•  Ingermann,  A.R.  and  Oh,  Y.  2000.  4th  International  Workhsop  on  IGF  Binding  Proteins, 
Sydney,  Australia. 

•  Kim,  H-S  and  Oh,  Y.  2000.  4th  International  Workhsop  on  IGF  Binding  Proteins,  Sydney, 
Australia. 


V.  CONCLUSIONS: 

In  summary,  my  laboratory  has  demonstrated  IGFBP-3  /  IGFBP-3  receptor  interactions  in  the 
human  breast  cancer  cell  system,  identified  and  initially  characterized  an  IGFBP-3  interacting 
protein  from  breast  cancer  cells,  and  generated  a  polyclonal  antibody  against  this  interacting 
protein,  and  generated  inducible  IGFBP-3  stably  transfected  cell  lines.  Now,  we  have  successfully 
characterized  binding  specificity  of  the  IGFBP-3  receptor  to  IGFBP-3;  Only  IGFBP-3  and  its 
fragment  (aa88-148)  bind  the  IGFBP-3  receptor  with  high  affinity,  whereas  IGFBPs,  -2,  4-,  -5 
and  -6  did  not  interact  with  the  IGFBP-3  receptor,  demonstrating  specificity  of  the  IGFBP-3 
receptor.  We  have  also  identified  the  IGFBP-3/IGFBP-3  receptor-mediated  signal  transduction 
pathway  in  human  breast  cancer  cells.  Current  studies  demonstrated  that  the  IGFBP-3/IGFBP-3 
receptor  axis  causes  cell  cycle  arrest  in  G1  phase  and  induces  apoptosis.  The  underlying 
mechanisms  are  ablation  of  MAPK  signaling  cascades  and  increase  of  caspase  activity, 
respectively.  Further  through  investigation  is  currently  in  the  process  in  my  laboratory.  As 
characterization  of  the  structure-functional  analysis  of  IGFBP-3  and  the  IGFBP-3  receptor,  we 
demonstrated  that  these  N-terminal  fragments  can  bind  specifically  to  insulin,  and  inhibit  insulin 
receptor  autophosphorylation.  As  further  investigation,  we  identified  differential  effects  of 
IGFBP-3  and  those  IGFBP-3  proteolytic  fragments  on  ligand  binding,  cell  surface  association  and 
IGF-I  receptor  signaling.  As  laid  out  in  the  Statement  of  Work,  We  have  completed  Technical 
Objective  1,  Tasks  1-7  in  this  year.  We  have  accomplished  Technical  Objective  2,  Tasks  8-9  and 
published  2  papers.  Technical  Objective  3,  Tasks  10-11  are  finished  and  published  work.  Tasks 
11-12  are  currently  underway.  In  order  to  finish  those  Tasks,  one-year  extension  was  requested 
and  proved  by  the  U  S.  Army  Medical  Research  Committee 
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VI.  APPENDICES 


1.  Devi,  GR,  Yang,  D-H,  Rosenfeld,  RG,  Oh  Y.  Differential  effects  of  insulin-like  growth 
factor  (IGF)-binding  protein-3  and  its  proteolytic  fragments  on  ligand  binding,  cell  surface 
association,  and  IGF-I  receptor  signaling.  Endocrinology,  2000,  in  press. 

2.  Kim,  H-S,  Ingermann  AR,  Tsubaki,  J,  Twigg,  SM,  Oh  Y.  Cellular  expression  of  insulin¬ 
like  growth  factor  binding  protein-3  arrests  the  cell  cycle  and  induces  apoptosis  in  MCF-7 
human  breast  cancer  cells,.  J.  Biol.  Chem.,  2000,  in  submission. 
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ABSTRACT 

Iittuliu-lilf  *• M*d 1  l*«:lxn  (TOF)-hi™iing  protein-3  aUl'’bi'-3:,  the 

pipyj^Ti-ilnanf  IfiF rarrier prutel  i>  In  clri’nlMlinfi,  |Vifctf3,A11Slflt.tflflially 

jaodified  to  vivo  by  IGF  BP -3  prvteascte)  inio  a  nwrWr  >.if  rr*»u.*.ni> 
Baaod  on  tho  afcOOrt^W  and  predicted  recognition  for  kmowu 
TGFBP  3  pfOteaeee,  FLAG-*pfcope  tagged  intact  lGFRP-3,  NH*- 
terminal  (1  *7),  iAterwdUt*  fragment  (&8-14S),  and  COO&iermi* 
aalfragPOntt (&S-26-1  stn<$  l$4-2«4)  were  gencrutod  in  it bauulwinu 
wVcrEoohorwhia  ooli  OXP*«*U>n  ayRtem  and  examined,  by  Wvslwrn 
ligand  blot  and  affinity  cw?-llnklng  us  ay*,  for  their  ubiliiy  w  bind 
IGF  and  Otho  NR*-  and  COOH-termiauI  fr*gm*iu*  Wnal 

both  IGF  and  iaisulid  tpOClfLMUy  (albeit  with  significantly  reduced 
affinity)  ft*  IGF  but  higher  affinity  for  insulin,  whan  compared  with 
intact  iCF&P  $,  Th?  effect  of  1GFBP  3  and  th*  fragments  on  IGF-I 


receptor  tlGf'IR)  aignaimg  pathways  was  studied  by  tcoti&g  TGF 1 
mdurod  receptor  aatophosphorylatian  in  ICFOt-ovcr^rGBrnff  NIH- 
;rRl  <*.!lx  IC^KIIIMI  flhowrd  n  dfWK-dcpMident  mhafcnt»n  ot  autOphOfi- 
pWylftHrifl  nr  Um  /UuWi*  nflOFIIL  Tlw  (1-87?  NlVteminal 

fry^nM-ut  I  nil  il.i  m  TGF1R  MMln^ihiKjilii.irwlMijim  mI.  hljjl»  mhhvhi  ra¬ 
lly, i*,  (In **  *WVl.  lN»^t*ly  *U.ithnf.*diL  tn  ^ihhhI  rMl.Sun  «tf 

b*  f|U  niribttllnri  nf  inl •  niMtl  ^  muIjijiIimk- 

yboryinlW1!  wjitf  w'lli  i’ll i-  (ftA— f.OAR. 

lenn*ujdfrAjuBwe'.K,t.V**pUeOi*fii‘ ability  li,»bin,J  TOF  huIIIih 

(I-97tfC>L-i*riiiirmT  frwK*iit«ri1v  l.lin  OMW-IfiiiiImnI  fr^iM^rtU  tif 
TOFBP-5  1,vM rip^«.T  sdliltl.y  Iji  mkh,  ir.tvlf*  mI(Ii  I,1*m  r**11  Kiirfm^ 

chi*  binding  ww*  cuwpvled  !.•>  iwpwKu.,  ■*>;?!  11  «r  u*  lnhwl  TOFPP-^ 
{Fndocrinviufui  141*  0000  -  0000,  2000) 


TRf  TNSUT.TN-UKE  GROWTH  factors  HCF)  I  and  -II 
play  an  active  role  in.  c«U  proliferation  and  exist  in 
avvodaliuai  ^iQi  >IiSliocl  fpM-ilir  Kd-hinding  prntrmn 
dexi^nated  a  a  TC.FBPfl  L  6  (1)  and  possibly  ICPBP  related 
protcino  (ICFBF-rPr.)  (2).  1GPBP-3,  the  major  IGPBP  in  adult 
¥vr\un,biii/lfc boll i IGF b  wiiMiifth Hllinil*  And  xjwIHrify, And 


it  «*-rvr*  sH  a  ^rripr  of  IC.Fa,  i 


:  their  half  lives,  as 


well  as  modulating  their  proliferative  and  anabolic  effects  on 
target  cells  by  regulating  IGF  LiuavdiLibilily.  Exugt#uuu» 
IGFBP-3  luti  rtLu'  been  den>oo sidled  lo  «njpiifii“ftntly  inhihit 
live  ^iowlh  of  vnnonf  or  IK  inrhidm^  Ha.R78T  estrngert  rr- 
crptnr-ne£*hv*  human  breast  cancer  eelb  (3),  Decreased  cell 
growth  was  observed  when  human  LGFBP-3  complementary 
DMA  (cDNA)  wav  traxufecled  inlu  mouse  Wedb/e  libroblasl 
cvUs(4)  And  into  fihvnhlAxtrellAdr.nved  from  mouse. embry os 
homozygous  for  a  targeted  disruption  of  the  type  1  LGF 
receptor  gene  (5).  Th«  mecluuu^m  of  till*  inluUUxO"  s^e«ns  lo 
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be  both  IGF-independent  and  IGF  receptor-independent 

and  i*  iiudiatud,  presumably,  llin>ugh  buttling  Lu  vpedHu 
H.«l:lil  V.4 

IC.FBP-3  may  be  posttranslationally  modified  by  ICFEP  3 
pfOtcacc(o)  present  In  biological  fluldc  or  culture  media  (pha- 

uuii,  provfaitu-4i(.K»ufiu  antigen  (PS.\),  matrix  uurtaUcv^u- 
kaw)  (4)  Artri  Ih ct*r  whov  ^rfnvihr  h.^fi  Iwn  d^mnnxhvitM 
only  tn  vitro  lik*  that  of  atromelyflin  3,  thrombin  (10).  Serum 
ICFBP  ptotcasesfo)  have  been  detected  in  diabetes  (11. 12). 
renal  (13),  pregnancy  (14),  malignancy  (15, 16),  and  following 
traumatic  conditions  or  invasive  procedures,  such  as  sur- 
gyry.  CU?uvugv  in  1GFBF-3  have  boon  Uxutgd 

bejy niiinf»  ol  Hie  vwiflhle  doiiwin  (l  i^idn^  iwivHcu- 

lorly  residue  07,  which  Is  the  ckavogc  site  for  PSA,  plasmin, 
human  oernm.  and  Arombin  ylcldp  a  fragment  of  approxi¬ 
mately  16  hDa  ojt  20  kOs  (glycosylated  IGFBP-3)  (10).  How- 
rvtr,  th n  t  {  X  II  Mcnvunnl  trftjp-nnnK  containing  n  highly  ba¬ 
sic  heparin  binding  domain^  have  only  been  detected  in  eirro 
by  pbomln  digestion  of  Intact  TCFBP  3  and  thcoc  fragments 
seem  to  inhibit  degradation  of  other  binding  proteins  (17),  It 
Is  recognized  Uuil  1GFBP  pryleolysis  aUo  ww.ur>  ui  the  nut- 
uiai  stale  ouUide  ol  [he  bloods U’eaiii  (Id,  19)  and  litah  1l*i  ihe 

nr  1 1  ^r*mri-mTV>^nt,  it  /in  exxrnh/il  m^rh/mixm  in  mjpil/i+rnjj 

the  bioavailability  of  IGF,  Both  intact  lCJFBF  3  and  ICFBP  3 
proteolytic  fragments  have  been  shown  to  be  capable  of 
blocking  tliu  mitogenic  elfecl  of  IGIk.  (20).  Wliellier  llveve 
AcHons  primAvily  mprrvnt  ll.-Jr-riepcndmt  or  Hi  I -indepen¬ 
dent  remains  to  bo  detowinod. 
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Tl  IK  utrECT  OF  7C.FBP  3  FKAOrFNTS  ON  IGFIH  STONAUNO 


Our  laboratories  have  <JU*muus baled  Ihol  ihr  Ni  i.-termi- 
Ii3 1  recumbiuw  nL  tidgivuirnts  of  IC.tl  'VSF'-.H  (l  87)  and.  ‘„1  -97) 
retain  the  tn  hind  TGF.  albeit  with  substantially  re- 

ducnd  flfnmty.  Additionally,  these  fragment*  b^vuliudiy 
bind  insulin  and  modulate  insulin  binding  loits  receptor  (71, 
22).  Basud  on  tii«y«  »ludi*$.  »l  h->f  hrwi  hypothesized  thfltthc 
toiwtwt  Ml  l2-  nnd  COOH  terminal  sequences,  as  well  ** 
the  appropriate  ternary  structure  fortn*d  by  iti&uliide  bonds 
in  die  six  da«kcd  LGFI^’s,  .w  all  iwpnrfcd  for  high  affinity 
binding  nf  TfiFs.  A  recent  otudy  had  indicated  that  a  natural 
COOH  "terminal  fragment  of  human  IGFDF-2  itteined  par¬ 
tial  EGF-Uudin#  aLtlvily  (23),  and  a  f  OOH-teftninfll  13  kDa 
lUFbi'-j  tia^mrnt  (notated  from  hemofiltrate)  showed  sim¬ 
ilar  rMulta  (24).  However,  them  Ic  limited  information  tut.  Ilia 
binding  characteristics  of  the  IGFBP-3  CtXU  l-lecnu^l  rfo- 
main  and  the  resultant  biological  eltects  of  pioteolytte  frflfr- 
menJb  conlAininf;  richer  the  NHS-  Of  COOH  terminal  residues. 

In  this  study,  wc  demonstrate  the  ability  of  COOH. 
terminal  fragment*  of  ICjFRF-3  lu  bind  Th<»  (S)H—  MA) 
1GFDF-3  l.f*ftm*nt  and  thr  (1-'77)NH2-te^minGl  fragment  arc 
both  characterized,  KixdiermorC/by  the  ability  to  bind  insulin 
with  low  affinity,  but  with  lughei  Miliniiy  than  is  the  esse  for 
iitUcl  KjI  MI  VI  Additionally,  w*  have  examined  the  effect  of 
inteet  K’FBP-3  and  the  iCFBP  3  fragments  on  K.F-l-stimu- 
latcd  autophoephorybtion  of  the  IGP-I  receptor  (IC1F1R) 
j3-eubunit  and  tlieix  ability  k>  associate  with  the  cell  sw-fric* 

Mauvriab  and  Methods 

Antibvdiu x  und  >wg«nJx 

and  ICPJtt  wece  purJiaiwfO  fn,im  Ai»sJmI  niuVi^trtVU  ('WiIa 
Clara,  CA).  ^ICF-l  (spwjiTy.  10-70  \rf  a 

modification  of  '■.iilxnuiuii^'T  ih<  Imi.  ji  w)  »mil  T( THTr.1  iWiiiftetonal  an- 
*sbody  were  kindly  pro»*iif.le»l  t»y  r>U^in*sl«  Sy&lfrtViK  I *dv>ral<vle\  Twv 
Wdttter,  TX.  JGFBF-?^^^  *V1  wh<,  rihlnlniHl  from  CVIhrix  Pharma- 
C«udcak.  fcu:.  (Saute  O* rv,  r?A)  insulin  was 

puichat«d fromAin<iE»hauvrlttU'’Ui(‘‘.w TVmIhtIi  nnvin#Tnsuli»> waspiir- 
chOfied  from  Sigma.  Anttphowphytyn.Vuwiiw/M.kMwl  HnliU«Jy  (4G1fll) 
ms  a  gczuireuC  gift  from  l>r.  F  J.  Erukar  (Dupaitaumt  of  H^atdtokw 
and  Mcdicol  OncoU»Ky.  Oregon  Health  Sciences  Umvarelty).  lb»ananb; 
used  for  SLfe-PAlrfc  WC^C  purchn^od  from  Bio  Rad  LabO?:atOfl«,  Inc. 
(Richmond,  LA). 

GcUcuUtW 

Nlhl  313  ccUr,  ovearcKprccnng  the  hv«v<an  rCTTR  w«n  kindly  Rif  tad 
from  Ur-  C-  f.  Robert:,  Tr.  (Departn\ent  of  P^dutrici;,  Or«goo  u«alth 
bcicncw  Univetr-ityl  and  grown  in  DMEM  with  10°^  FCSplus  300  ^g/ml 

ytntticiK  at  3/  C  with  5%  C02. 

Generation  and  purification  of  recombinant  ICP&P-3 
protootytic  fragment# 

(l^J7)tLitiJF  i  ancu.3tt  113UCPBP  3  FLAC  epitOpe  tagged  #«kgm«r.c5 
■wrrf.  jener Mtd  end  p united  jji  boculoviruji  and  tested  to  be  99%  pure, 
w  described  earlier  (2oi  l  he  cUJX  A:  for  the  COOH-tefitUxuil  frag* 
mentft  and  I.1B4  2M)  were  generated  by  PCR  amplification 

f,*vr,  I  he  human  ICiriil’-O  CDNA  and  0  H.AC  cp’.topo  ;«quonee 
(DVTCnDDDK),  and  a  stop  codon  wOi  added  immccUOtely  following 
rt.ni.H->  hetA  2 (A.  The  signal  peptide  sequence*  Ct  i  cUNA  were 

11^1^1  In  Ml  K-trrmini  of  lU  iiiV  fragments.  After  scqucnang,  the 
9A-9f4  a.nrHicon  wu  then  aubcloncd  into  the  hoqiUmrui;  CKpreocion 
vh.  Ui>  uFAsTnACI  (Life  Technologies)  ana  tranafotmed  into  DHiOBjc 
£*Hwm/r«  r>K  «v.1k  Tl^  .-mplifierf  DMA  was  trans«Cted  Idlo  b?.>  insect 
c«lhi(ATCC),  mkJ  ,.1k (iii-tlt-iii  puriiicalion  waahegxm  by  uitechng 

th^  P2  virus  Into  10®  H3*5  3»'aw*T  (TmvIi  #il  >i  li^ulliplicily  ot 

infecdon  of  3,  at  27  C  ftir  3  day*.  Th*  f.ryvi  Ih*  iofcrlisl  rell^  were 


collected  and  cor-cenaratwi,  jnd  thu  rwuhnntx  wei* bound  to^n  xoi !-M? 
anDhodv  column  ovornifthl  AC  4  C,  and  tha  RAG  C^-W) 

protein  Vos  then  clutud  by  using  FLAG  pepdd<-  (03  jik/iiU),  as  de- 
.vribed  tmlkr  (2/).  i  he  pvnftod  protein  £ubjec«d  to  SOS-P AGE  In 
/  1‘%  se!  and  -darned  with  LOOmasiC  bluC-  Ftirthcr.  the  fragmortt  W86 

rtly*  kL-.rinvil  hv  immutirihkitKrtg  with  the  M2  anti  RAC  Antibody 
(Frtvir.Mi.  KiakA'r.v.,  Mew  Haven,  C T>  end  onfriLtW-d  monodohdl 
Mtni(n.aly  (Hinw HiSlli-  'ivder.u  I ^bora toriea,  Inc).  Uuted  tmchons  trom 
JU1  ^nVi-M?  -Ml  li  .1  •  ly  rtifi  n  ft.i  wwne  pooled,  conoentrabed,  end  quonhtdtcd 
Vw  WmpH,is»H.  w!«r  VmC.w.1  «MA nOls  ft  1  KiA  *nd 

rtflnr  SllvMI  slrtl.l’  lK 

(1fti-?i4)TCnirr)l  amnli^-m,  after  .-sequencing.  w*$  SuKloned  in 
C-fi#iiriiiMl  wr ul  of  gliilamione  fr+ransferase  (C4f;i)  in  the  pleamicL 
pGEXdT  rt.uj  * rrti ihTih : ■  Mrtt  Jrtlfi  r-vlfrfWiiii  cells.  The  imlture  %wls 
Rruwn oveuutfbl  b  l  H-rt. npii  l!lin  ,hm1  li-.ilm-wl  wilh? him TPITI, and  the 
rail  lyvatifl;  uf  the  (13^-264)  GS^  A^km  |.milniu  w*<*  jn^.iiPd.  Ttv*’ 
lyf  w«ra  lncub2t«d  with  GST  5kf.ih.uow;  bew.t*  fix  1  U  R  'f  h»«.I  Oihii 

Wdihed,  Purity  and  concentration  of  tha  fna^mwuti  wuru  dwtumuiUKl  U,’ 
comppr^on  with  known  amountc  of  BSA  staitdards  after  silver  staining, 
i  urihcr:,  the  purified  protem  wan  subjected  to  SDS  PACE  in  a  15%  goi 
and  itLincd  With  Loomasic  «lvc  pnd  pko  tranrfcxrcd  to  nitiorWhilflOC 
and  idt3ihhcd by  unn^unot>IOHinBwnlh  N42  onti  FLAC  ondbody  (1:3000 
dilution). 

Affinity*  craaa-linkins 

Intact  i(Jn3i’-3  or  the  NH4*  and  LOUH-tenmiftAl  tragmcnto  were 
in  cube  ted  with  1U1-1<J1  -l  or  ^1-mSuliA  (.bO-OUU  Cpmh  ih  the  ptCSChCC  or 
aV.wsve  ftf  uniahel^-l  ligand,  in  a  100-mJ  voi  toi  16  h  at  4  L  and  then 
fnAw1inV*rf  with  n.T  invr divirrinimidyl  snherare(r>7i)  fnr  l^min  at  4 

C  Hif  v^urplnv  w*ri**  lln*n  Si thjiPi’ l#>d  Ift  f»nfVPAf.F.  (1?%  fti'  1 5VW*  ^els) 
undvr  rvduuntf  uoiitUliunai,  <uwl  autorAdiuj^twpUy  on  Biunaoi  MS  nim 
kodak  Co.).  Rands  tvara  quantiflad  by  dunxhumatry  (Bio-Rad 
LabofAtoriee,  Inc). 

Weetam  ligand  blot  analyst* 

Ugattd blotting  wae  pefformed  »  dwcrib«d  by  Hot wnlopp  at  al  (iA)., 
with  minor  mod  in  cartons.  Bnpfty,  sample  of  intact  IGPBP-3  (1-^7), 
IGFBP-3,  Ihd  (96-W4)lGlcBt,‘3  fragrnanfc,  at  the  concantratioaii  Indi¬ 
cated  in  dve  figuro  Isgends,  were  ?ub)acts>d  to  SDS-PAG2  (U%  or  1 W* 
g«]^  under  reducing  or  nonraductnq  conditions,  eloetroblotted  onto  nL 
troceUuioee  fliters,  lhAUMited  with  0s  cpm  <if  “^-tnpyhn  or  a 

mixture  of  >*i  IGF  I  and  ',?MCF-D,  wa£he<b  dried,  and  exposed  to  film 
(Biomox), 

Afbnoinyer  lzshlGF-I  affinity  cro&s-linktng 

nT-TGF-7(1ftft.rt00i‘pni)  m^^proirtfiiKiled  in  a  mWofnf-e  luheforlh 
wl  4  r  in  Hih  iiii^>iii  *  I'm  alwiv*  cif  i-ftH  TCiF*!,  intact  TGrllP-l  (3D  tim) 
rrTT)P-3  (?.71  i.m)  (11U-2C4),  TGrnr-l  (2T>0  nw),  or  (1-97) 
TGFRP-8(7.W  «m).  !.i  1  il ; . ill  lift  1  >i  i rCni  (7)  iiftv  I IRPF.^  l.»0  hut  MaCII,  OJWft 
TWA)  Ccmfliinnl  KTt  L3T1  cells  sJahly  transfected  with  the  human  ICIFIR 
iHMA  (MTTT-3TVT(TTTR  cnlU)  were  incuhaled  in  serum  free  medium 
.iirHnii^lil  Ttis-  rnlk  w-nm  n.vn  with  TTC,  The  relU  were  inou- 

L»«t-id  wit  KU  Me 1  '"t-lGV'-l  /IGF^F-^iAiml«hMiii.Hr*»iii  f  ii|?lVni*>  welk  bn  3  h 
at  15  C.  Tha  calls  wara  than  ivasihvd  with  PBS  and  'cross»linJr.W.  will.  OSS 
for  17  min  at  4  C.  and  tha  reaction  wan  quandwd  witli  100  ium  Tris/KCL 
Tne  cdfe  were  wlublliaed  with  sample  buffer-  Tha  covalant  hgand- 
receptor  O2®!  IG^  I TCTTR)  complex  in  the  lyaatofi  woe  resolved  on  a 
nonreauemg  FACfc.  follt>wcd  by  autoridiogrephy,  ^UiOthOf  cot 

oi  the  wme  oomplcc  oi  ecu  iyr^tcr*  war  run  on  a  i£%  6DS  PACE  under 
reducing  concUlions  end  unmvnoblottod  with  M2  anti  FLAG  antibody 
<>T  anti-tUFBi'-i  monoclonal  antibody,  and  Ihc  cell  asGoaatcd  bonds 
were  defected  with  enhanced  dWthilununfiSCeiiCC  (ArecrehOfn  hhannc. 
da  llifltern). 

Determination  of  cell  ourfaoc  association  of  intact  XGF8P  3 
and  the  fragments 

Lonttucnt  monolayers  of  >JTH  aTa  ICPTR  cclk  were  inoibated  in 
serum  h-ee  medium  <>v«might.  intact  ILh BiVJ  (.30  nail ; fragments  '/& 

(2S0  dm),  1H4-264  (2W)  hM),  or  I  W  UbO  om.i  m  the  presence  or  oboence 
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THE  EFFECT  Of  (GFBP-S  FRAGMENTS  ON  1GHH  SH.WAI.I NU 


ofufl  ,/w/,v,1  toswin  toignw),  in  birwiiflft  wrs  added  to  tho  cells, 
Lm  h  .  ^*iwimnnt,  c ftlifl  w«e  txcafcd  with  hepirin  ( 10C  *g/ml)  tor 

i  li. l*fan> -vMiHonnt the* peptides £i3 katcd above. The treatment*  were 
.-«» i«]  iud  ,*(  15  C  for  3  h.  Th*  Cilia  WttC  WWhcd  with  PBS  and  croct- 
IWiV^il  wiih  r*7l  aa  described  above.  I  he  ooJutnhsXl  cell  lycatoc  were 
flwr,  1'nri  on  a  15%  SIXhl’AUb  OSUt  jmmunnblottcd  with  antiTGFBP-3 
mi  im'K  fa.ial  s.iiibody  and  detected  With  enhanced  rht>milumindcccn£d 


A 


KiFBl'sJ 

FdUknyth 


Prtffctwl 


1  K7,  183  2*4 

»> 


U}V-i-tnrtuf  rrt  fGFTR  autophosphorylctiOK  OCC&V 

Cuiflv«<«  miiiinliy**.*  Of  AiH rved  NU  K3 1 3-IGJ-1K  cells  WC/C 
axciw'l  An  4  min  i»7n«  Tr.F.l,  which  had  been  preruOibAted  With/ 
wllW  iiitatf.  IGFBP-5  (1-47),  TCTHTM  /,r  (9fi-2M)IW’131,-3  for  2  h  tit  4 
C-  T  hs  reaction  was  qu*r *0 «♦*  !  I »y  v.  il i  A >!li /a I  inn  In  i f  far  1 1  %  Nonid  et  l’-4U, 
20  nw  TrlwHCl  (pH  3  0),  1  mw  FJYTA,  1.YI  iv.w  NtoCl,  1C  To  glycerol,  12 
U/ml  ipn.itinin*  ph^nylntHliyknlfunyl  fW...<h\  And  1  mv  Na^VCM. 
gQlabUiaed  protein*  (7?  p\  •/ lln»  rail  lywl«)  we*r^  separated  by  tiU*> 
PACE  (7.5%)  untl«?t«Oin.ititjMH'ililJiWrt;Aod  vtaiAliml  by  immunnblnt 
analyst*.  For  imuuu«.4»l‘.»l  rfimlyViV  It*  filie.%  were  blocked  in  Triv 
buffered  Kalin*  wfcli  tf-lHtn  far  1  h  At  mnni  IwnperAhirr  and 
tk^n  <nniViattH'\i;ttb  xntinfttn^it.ily n«sin»«  urt mm  VilWtl  Al*llltlOiy  (1J7  )ify/ 

rnft  dilated  by  TBS  +  0.1%  Triton  X-100  (TEST)  far  1  h  .it  r«i m  fam- 
pmtuze.  The  flhwe  were  thtm  rlniwd  in  1  x  TBST  and  ixituLmteil  in  a 
1*000  dilution  of  goat  antimouee  rgC-<wiiup;itBd  horrenidiih  p*rux> 
dose  (Amerrham  Pharmacia  Biotech)  far  1  h  at  room  tarn  pare turw.  Im¬ 
mune  rctKtrvc  pmteinr.  wore  vi£uili2Gd  using  an  enhanced  chemflumt- 

rwtjceftft  detection  system. 


RewLte 

Plxprrunwnv  <1/  the.  1CFBP-3  rtcoPibiivzTit  fragments 

DAS^i  •>*»  IhP  Afr^rtainMl  rtnrl  prisdi^H  V'fiA  T'^'O^rntiAi'i 

.%tes  in  ICFRP  3  and  thcj^cpgaltlon  ctfcf,  other  known 
1GFBP-3  proteatefi/  tudh  mvUilluprvbwit^  and  plavuiin, 
both  Uiua  1GFBF-3  *uid  lour  Cliltarenl  r^:omhin,int  h^p,- 
-  -f .Oheenif  vottv*  ^rnorfl  hrH  i  n  A  bddilovi  Cufl  firtd  /or  F.SC/UTldtifl  CO/t 

i^\  ]  expression  system.  Each  peptide  wes  coupled  witit  a  FLAG- 
\  v  '  i  epitope  tag  atthe  carboxytwruwwb,  ub  yhown  in  Fly;.  1  A.  Tlie 
piuilied  piC’leluS  were  iiwniunoWollieii  with  ^nb-l :)  .At i  M7 

or  anti-IGFBP-S  mcnoclonai  antibody  for  estimation  of  their 
molecular  weights.  Intact  IGPBP-3  and  aJl  the  fragnwote 
weie  deLts-Ubltf  L»m  «uiU*.1jI.  AG  M7  Aiil^iOt*iy  under  iifdocin^ 

(I  ig.  IB)  end  oomvducing  ronditioni.  Dimerized  forms  of 
dtc  protclnL  wore  identified  in  anti-FLAG  M2  immunoblots 

run  undwr  nunryduciiiy;  coiidliioiu  (cULa  iW'l  sIiOimi).  SiiUill 
diaCiepcuKies  the  Mr  for  inMft  MtVfft'-ri  (1-4)7), 

.l(jl-Ki»-;i  rnrBP-3,  and  (Bfi-14fi)TC.FBP  3  pwtemfl 

seen  on  die  immunoblots  relative  to  the  predicted  Mr,  which 
ie  purely  ba^xl  on  amino  *>cid  com lion  of  die  pmleiii*, 
may  luive  axi>vx(.L>tiCAuS^  ol  N-linbed  ^lyOOSyia > <on  I  he sr? 
thraa  potential  N-glycosylation  sites  (Fig.  1A>:  Asnw,  Asn109. 
and  Asn1^,  in  1GFBP-3  (29V  The  anti-IGFBP-3  n\otiodon«d 
wilil’OJy  detected  iiXlACl  IGF  1.11  *-3  (W— ^ 7^k4).I(jiM1I,**3  i.ni*< 

dcr  both  nonredudng  (Fig.  IB)  and  reducing  conditions  (data 
not  shown).  The  fragment  l-?7  wj*  thjtwlablv  only  undvr 
floored  ncirifl;  cOTtdition^.  I  1H4-7r4  Anri  KK— 1*Wi  fraprr^nt* 
were  not  detected  effectively  with  this  antibody, 

AttalynV  of /OF  bintlin#  u>  ihtt  IGFBP-S 
p/v  tuulyi  rV  /njgrtttn  i  $ 

To  determine  whether  the  regions  encompswed  by  the 
IGFBP-3  iirtj^utetils  ccudaifled  *  ImicliOflal  K.,l  «l-h:»v1irtjf»/ 
rrOA.vlirtkiflg  flite,  the  proteins  were  incubated  witii  l2Sl  IGF  I 
and  then  amnlty  croES-ilnhed  with  DSS  and  analy?^  by 
.  >V  ynS-PAtd-’.  ThflifaM  «*.  Vi^.  V\  devnon^rate  that  l4rl-l(il-l 
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aali-FLAG  flntJ-TGFBP-3 

1  F-vyrv’ttwn  of  FLAG.*pilupe  iug^red  human  IGjFBP-3  und  its 
fragiuwuU.  A,  TU*  cDNA  Ftvr  preparulioo.  of  lh*  IGFBP-3  fragments 
wav  vyulbA*KUtfd  by  a  wriev  of  PCR  reaotiona  using  the  human 
ICFfcF-3  oDNA  us  template  and  incorporating  sequence  encoding  a 
CO  OH- terminal  FLAG  epitope  tag.  The  dark  box t*  (1 -$7)  represent 
the  consented  NHrt«rmlnal  region;  Iha  diamond  (tripod  bo#QS  (153- 
284);  the  conserved  COOH-terminal  redoa;  ai>d  the  ccwwo  tirtped 
lx***  (ftiii-iSi),  ths  friable  lotemedlate  redea  *t  IGFBP  3,  Tho 
p/odictod  moloeulor  wedeh tC  (MW)  Ore  booed  on  the  cmino  add  com 
partition  of  the  protcino,  B,  Protciuo  ciprcMion  waa  analtccd  by  ua- 
rocnoblotunj  usin^  the  VUl  monoclonal  antibody  undor  reduane  con¬ 
ditions  or  thn  lObblJ-<i  monockwlAi  antibody  under  nonrwiudng 
oonditioas,  coupled  to  LtJL. 


lai;  Ih;  uiuM.-Luil.ed  iu  tliv  (l-97)ICFBP-3  and  (98-264) 
TGFBP-:1  frnpjTnmK  m  a  Hnv*-dry>f nHxjnt  manner  yifirtiitafll 
IGF  CfODS  linking  wAi  observed  at  50  riM  concentrations  of 
(l-97)IGFBP-3,  wliidi  wav  wmylvtely  saturated  by  100  nw 
concentrations,  (n  the  cav  of  (VK-7M)l(4ltHI,-‘.\y  «  d»?fe- 
dep^ndent  Increase  in  IGF  binding  with  incrca3ing  protein 
ev*ievntr«tionb  with  saturation  of  binding  occurred  by 
500-ilM  LOiiuuiUdliun  xaii^e.  Tlu;  e.\pvcti#d  vixyy  <.if  the  indi- 
\“idufll  pfoteolyhc  frflp^rntr»f<VMipli*d  h? 7-1*1  to  ^l-IGA’Vlwere 
detected,  ihown  as  25  and  41  kDa  bands,  fMjteehwIy.  A 
faint  band  at  39  kDa  k  potentially  a  dlmcriacd  form  of  *1  97 
iMgOMAl  »l»uSs-linl.ed  lu  1GF-1. 

For  (nation  of  thn  affinit)*  of  TGM  binding  the  pnv 
teolytic  fragments  were  affinity  croes-Iinkod  with  IGF  I 
in  Ihn  prVWuV  t*if  *I*II*I rij*'  /imOmih  of  mihfl.^t-1.1  TGF-I  *.v: 
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THE  EFFECT  OF  IOFDP-3  FHAlfMKNTS  DIM  UIKIH  fcU'JJSTALINCi 


Annly&i*  of  insulin  binding  to  1GFBP-3  fnsftmunts 

Tlve  observation*  that  insulin  cou Id  compete  for  ‘^I-IGF-I 
binding  to  the  fragments  led  us  to  assets  thwix  m^ulm  binding 
activity.  Both  (l-47)lGFBP-3  ynd  (98-264>lGFUr-3  ^  j« 
strong  ^"T-uvfulin  ciOSS-.l<ok»n^  barn,  in  comparison  with 
'  lh#t  observed  with  ICFBP  3  at  Similar  concentration*  (Fiy. 
V?  4a).  Unlabclcd  Insulin  was  able  to  do*y-depeud*iUly 

‘"tinsiiHn  Liiidin^  to  both  (he  NI  i2  and  rOOH-terminDl 
Laments  (l-ifi.  4K),  although  even  higher  concentrations  of 
unlabclcd  insulin  could  not  completely  delate 
binding  to  th«  <98-264)IGmvj.  4nf«^hnK  n  slow  diviod 
iitlon  x*ale.  Calculation  ot  the  unlabclcd  insulin  concentra¬ 
tions  Tinted  to  achieve  ICtfv  indicated  that  the  (U97) 
TGFBP  3  had  an  IC*,  value  ranging  Vvtwwii  0.3-0.4  *im, 
whereas  nearly  1  uidvbvled  imuliu  was  to  rmi  v 

50%  displacement  OX ir'Mn*i i  hn  binding  to  the  (98  264)  frap 
rnent  (l  ipr.  **).  KTF-I  was  abo  able  to  compete  for  the  1 '1- 
insulin  binding  to  the  fragments,  dti tough  IukI^  <-on«n- 
tratiuub  of  IGF-I  wei*  inquired  in  tor  rav  of  (W-2M)TGFBP-3. 

Lo  snmnviry,  ft*  (i-97)IGFBP  3  3howcd  significantly  high  af¬ 
finity  for  Insulin,  relative  to  tins  (9$-26<i)IGFBF-3  Cuiftittenl 
FuiUiei.,  Western  Wot  wnulyaw  with  ind  mated  insulin 
showed  tlvtf  both  the.  1-97  and  die  98  264  fragments  bound 
insulin.  The  IGFBP-3  intermediate  fragment  (88-148),  wludi 
lacks  both  tbv  NH?»  and  COOli-leuvJ.-^l  domatoR,  showed 
p,_i binding  lu KJhi  lOI'«H/0r  in%tilinrin  Writfrfti  ligand  blot 
(«1nta  not  shown). 

IGFTM'-A  ansi  1-A7  fragment#  tnhtbtf  IGF  I  interaction  with 
the  ICFlR 

To  determine,  whether  the  ability  of  intact  ICFBP  3  and  the 
amino-  and  carboxytermiiud  frygHivnbi  lo  bind  ICFs  in  vibo 
_  ty  *equeitiaUon  of  lOI'S  ,n  «  ,affl-Tl"F-T  monolayer 
aj  Unity  rmvi-linking  &A.*av  was  dona  in  the  NIH  3T  cells 
/  /  erverexpressing  the  IGFIR  (NTH-3T3-IGF1R).  The  data  in  Fig. 
V  -'  ,5A  chows  that  ,i5I-IGF-I  ypeufi tally  LIVN^-Iiiiks  with  Ihe 

1  /  ICHR  shown  *»  rt  230-kLV  bend  nndrv  nomirdiirmg  condt- 

— ''  iicii*is  binding  to  fGFTR  was  completely  displaced 

hy  iOOnw unlabclcd ICT I. Further, the IGF-UGFIR complex 
formation  wm  completely  inhibited  by  pi-eincubatlon  ol  (he 
S(.KiuuiLed  IGF-l  wilh  nnlnb^l^d  UtI'KI Vi  (;wi  nw)  and  about 
yii%  inhibited  by  prdna*ating  with  250  am  concentration  of 
(1  97)  NH^tenrunal  fjwgmwnL  Tlie  Ltc%s*-litdt.e<l  tgnd  w*s 
ni.>l  udiil*lUxt  lwwevcr..  hv  premcuhrt+ion  of  thfi  ^-KjF-1 
with  Vhfl  nvof  (08-284)lCFBF  3  or  the  (W  2WUGFBP-3 
fragment, 

fhc  same  eet  of  tamp  lee  were  resolved  on  Ail  unmunohlot 
iMid  probed  wilit  M2  anli-H  All  ^nhbodv.  Vaults  in  Fig.  5B 
show  lh*t  th#*  rArHovvte.rminal  fragments  (98  264).  (.W 
VM),  and  intact  1CFBP  3  molecules  associated  with  the  cell 
surface  in  the  presence  of  K'F-I.  (l-97)KJRlJ,-3,  however 
till l* wed.  ivO  OSlMasociafed  h^nri. 

Th*  vu* totyto’niiiwJ  frrrgms.ntx  kaur.  the  ability  to  associate 
tn  tkr.  cell  surface 

B*c*u5*(  compared  with  ibe  MHj-terminal  fragment,  the 
COOH  terminal  ICFBP-3  fragmeiU  failed  to  inhibit 
binding  of  1G3F-I  to  the  IGPTR.  wv  wanted  te^tudy  U>* «l»Ktv 


t>f  Lite  fi dftmeulS  lo  ASSOCi«\le  With  thr  r^ll  hit ifiC?  m  th<» 

*b«-n re  of  1GT-1.  Monolayer  cross  linking  was  carried  Out 
with  die  FLAC  epitope  tagged  Intact  1GPBP-3  (1-97)  or  (98- 
261)  fragments  in  MIH-3T3-IGFIR  cfUb,  and  Ute  <eli-assrxii- 
ated  piuteiii^  w£i*  deiecicd  hv  immiinoblrttmjr  the  cell  ly~ 
viteA  with  anti-lGFBP-3  monoclonal  antibody,  The  (98  264) 
caiboxytcrmbal  fra  gment  and  intact  IGFBP-3  iiwleculw  w 

sociuted  widi  Lite  cell  SiulftC*  V*X  howewr,  L 

showed  nn  i*^li*/i^<<neiated  bond  (Fig.  fi,  lanes  2  and  5).  Fur  .  V  't 
thcr.  there  wou  no  detectable  Shift  in  molecular  weights  of  the  R  , 
urotffcdinVjyd  proteins  when  tOilLpcued  wiU">  conltol  (I'i^  lb) 
H0iKi*055plir»k*fd  pxotrm  pr^prtrrttiOrtS. 

To  te_st  whether  the  ability  of  intact  ICFBP  3  and  the  cor- 
boxyltcrminal  fragment  to  bind  to  the  cell  surface  w  ws  via  U't 
heparin-binding  douuuns,  evils  wore  pieinoubdted  wilit  hep¬ 
arin  (100  W*/ud)  end  U\eo  |r«(ri  With  thr  pq-»tirir%;  a! trr- 
nAtiwIy,  tbi*  pephd^s  were  prf.incubatcd  with  heparin  and 
then  added  to  the  cells,  followed  by  monolayer  cross-linking 
in  both  CWSWi  (Fig.  6)-  Similar  rttvulU  were  observed  in  L»oUi 

I.V|K?  ot  e'vprrimpnK,  t.e.  h^pAm*!  blocked  the.  Cftll  SUrfQCC 

association  of  intact  lCfBP  3  (Fig-  6,  lanes  3  and  4)  and  the 
(98-264)rGFBP--3  fragment  (Fi^.  6,  Luiei»  6  *uw.l  7). 

Inhibition  of  iOFlR  $igttnUag 

Because  intact  IGFBP-3  «nd  its  fragrrurito  haw  the  ability 

ty  bind  IGFs  and  Utei^by  iuipeite  ib  itiletrtLliOu  wilii  Lite 
UjMtt,  we  AnalyreiH  thr  pntenhnl  biolofprrtl  TnAnifr^hibon  of 
this  interaction  on  ICFlR  signaling,  This  was  earned  Out  by 
tooting  the  effect  of  IGFBP-3  and  its  fragments  on  IGF-I- 
i  ml  need.  IGFIR  au  Lupl  iC>spl  id  yi<ilIOi‘i  ul  NIL  1-3 13-lG  1'IK.  CV.U  s 
Cmxho\  r^rimnntA  wilh  TGF-T  fftve.flled  that  5-min  treat¬ 
ments  w  i  th  7-M  am  of  the  peptide  showed  maximal  intensity  ..... 
auluplio%plioiylAliou of  Lite 95-VJDa  band  ol  ll’ie  /9-Subm'ul oi  . 
IGMU  m  AnhpHo.^hnfyrosine  immunoblntR  (Fig.  7A).  \ 

ICFBP  3  inhibited  IGF  1  stimulated  auwphocphorvtedon  '  “  " 
of  the  IGFIR  0-subunit  in  a  dow*-depvndent  rrumner  (Fig,  7BV 
Quuntifioilioii  yf  llie  iidubiliou  ol  tine  phc^pliOivlalecL  S.wL»- 
iiniM  Kjrl'IK  vcARi-Arri^d  oiithv  rirnniteiinrtrirnlly  afiftlynAfi 

the.  specific.  95  kDa  band  and  ic  116  kDo  nonspcdfic  bond 
In  each  gel.  The  ratio  of  the  two  band  intensities  was  used  to 
nyrmalLee  dud  uidu-iidle  Hie  p«u:eulaH«  ol  autuiiietl  1GF-1- 
shmulftted  iGl  fft  Aiitnphosphoiylation  detected  m  the.  pres¬ 
ence  of  IGFBP-3  and  the  IGFBP-3  fragments  (Fig,  7C).  IGFBP-3 
uiclwaI  50%  inluT'iUcuv  <.>f  ill*  IGF-l-uiduued  aulcyliQAplioiyla- 
hnn  sf  >/  nv  cnncvnh'fltinn  nmgp,  and  hy  15-2A  am  TGFBP-3 
concentmtiono,  complete  inhibition  of  IGFIR  autophoephory 
lation  was  observ  ed.  In  contrast#  the  (1-97UGFBP-3  fragment 
iidublted  teceplox  dulv.yliubj.>liaiyidLLiuii  mdy  a(  lu^lmi.  euiiLAn- 
totiorn  (Stl-VlMnnhihihAA  st  IIXI-2firt  am  coA^Atfahons).  The 
(98  264)ICFBP  3  and  (184  261)lCFBF  3  fragment:-,  however, 
did  not  show  any  significant  inhibition  of  lGF-1-induced  IGFIR 

«tute|jl iCApl'iOiyiAUOA,  «*l  75(1  i\M  COACeAlCAlIoftS  0'*fi  7,  H 

and  Q,  although  thcac  fragment5}  were  able  to  bind  IGF  I  in 
binding  assays. 

Diwciuuvu 

We  report  heroin  that  IGFBP-3  fragments  are  capable  of 
binding  ICF-I  and  IGF-I1,  alUiouy,h  willi  luw«i  idlliiuly  Lii<ui 

I |*ih(  wilh  Hil.vt  Ud  lllVl.  I  Iirflv“rr  the  tragmmU  hnv^ 
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FiC.  <j.  ln*uUa binrilnR analysis.  A  1MWMuLnaI^tyo:^s-UnJdog: 
IGFBP  3  proteolytic  frafpnont*  wore  incun  at«d  with  ^I-msuiin  (1  X 
10*  cpm)  ID  a  X00  **l  vol  for  l#  h  at  4  C  end  then  eross-liakad  with  0.5 
DS5>  fbr  15  min  *r  4  C.  Tha  affinity  labeled  fragments  wore 
<*p*r*tod  on  1 15&  SDS  polyacrylamide  g«L  An  autoradiogram  of  the 
hi  shown,  which  Is  representative  of  three  repii cates.  Values  as¬ 
sociated  with  tha  arrotw  indicate  the  calculated  molecular  ^eights  of 
the  major  radioactive  species.  B,  Competitive  ,Y,l-insulm  ufliahy 

croce  linking  IGFBP-3  and  the  proteolytic  fraemwte  <50  nw)  wviv- 
(tlcnt  to  5  nmol,  wore  inoubeiod  wilh  rodiolabolod  ineulin  in  tfio 
pPCOCPCC  or  oboence  of  the  indicated  conocntmtiOnO  of  untAbolcd  in 

suhn  or  lCF-1.  Croas-lmhing  was  then  done  with  DSS.  followed  by 

HiXvI'AUK.  Th* auboraciogTAiJi  ot'thednfcd  •ciiaahown.  Vhtarrown 
nnlii*!*  Mw-.  mfljftr  iviriiiw.ttvft  (1,  tliuir.tifaitiYft  anAiysU  o: 

rxrr-nUVeklwl  dispLvttnir.nr  from  TGFNP-n  frAgmf&ite:  fchft 

;.*»U  kIh.wi i  in  H  w*>i?  rli>iiAiLMii('t/iiuiIly  .vvilyjwl  for  qi»ntitA±.iYft 
A.!.! ii. i'*f  l.hr:  f  .idin.vxivity  aMot-tami  with  th*  Individual  tand*. 

TW  iIhI^i  hA»i>  I'nV.U  AA  A  pfttftt*. trtgf!  ui  iUAxIiVi^I  hAUii 

i.ifi'.rtait/. 


u  -• 

r, 


Fw.  5,  Monolayor  affinity  crosfi-linklnffwrith  ia<MGf -I,  A,  ia°MGF  1 
wae  nrolncobatod  at  1 C  in  tho  preeoaoo  or  obccnoo  of  unkboledIGF  I 
UO0  nK.\  IGFBP  S  (30  nli),  or  freupmento  (250  nM);  end  then  these 
treatment  tvoro  addod  tc  oonlluent  monoIa^*eni  of  NIK  2T2  IGFIS 
COllC  Tor  3  h  at  15  C.  After  wdChing,  the  oolb  wore  oroco  linked^  end 
call  lycntoc  wero  run  on  d  6%  SDS  PAGE  cel.  The  arrow  indicates  the 
IGFIR  CpOClOC  CrOCC  linked  to  radio  labeled  IGF  I.  B»  A  act  of  the  rximc 
cell  lycntoo  were  run  on  a  16%  SDS  PAGE,  under  reduced  conditions 
and  lnununobloticd  v/ith  M2  anti  FLAG  monoclonal  antibody. 

Lilt  alulily  10  L'uid  iiLiuliu  willi  lu^lmr  affinity  titan  ub^rvyj 
with  in  tort  FGrftP-.l.  Thr>  prmrip«l  rrmcltifion  is  Ihtfl  (he 

hi»h  offinity  binding  of  ICPa  by  TGFBP-3  fMpnrtkn 
tertiar>'  configuration  of  the  MHV  and  OOOH  terminal  do 
Tlua  oliviji  vdlioii  i >  fuiliiei  aupp’orled  by  tlvu  rucwnt 
S'onrftpt  of  an  TGFBF  Jtijp^rfamily  (IM>,  1^1).  f>v*r  thprrmrs*?  q\ 
evolution/  the  cbc(?ical  ICFBPf,,  which  hove  well  conserved 
Nilj-  mu.1  COOH- leiuui idd  tiouuiiiiv,  evolved  into  Wgh- 
fiffirtity  TGf-bindrm  ('l).'ln  ronhvist,,  thr  iGHil  Vi’s  ^lorw^-Pitf  inily 
IC.FBPc)  only  chore  the  conserved  NHa  terminoi  domain  (32). 
Tliis  ^LruGlural  dliTyrvnw,  combjxwd  witli  the  preaent  data, 
siroaftiy  uiipli/iAle  live  unpoalknue  oi  Clue  KiFBF  COQH-lvnui- 
nal  dnrru»in  m  mnfirmnfr  hi^h affinity  U*»l'  hinifinji 

The  concept  thnt  interaction  between  NH2-  and  COOH- 
u^ririlniil  donuiiiifci  it  wbentiol  for  hi^^affiiiity  IGF  binding 

wDA  mibaliy  ronr^ivrd  Kn^rri  on  r>b«^rva Hoits  HmI  pix^fC'i- 

ysis  of  ICFBPs  in  biological  fluids  rccults  in  fragmonto  that 
hav^  diminish iwi  ru*  no  l>iivlioj>  piliiiJlles  ku  1GFj>  (33),  Tlw  in 
vitro  generation  of  recombinant  fragments  or  fragments  iso 
laird  by  limiS?d  prtifhXilysis  suppOi'lS  live  ht  VtVO  daU.  A 
16-kDa  fragment  corrooponding  to  the  NHa  terminu:-  and  o 
small  pOiliCui  ol  mIeimeiUtfLu  re^iun,  gi«n«rakd  by  prokv- 
lyrics ily  modifying  1GFBP4,  Ap^cifi cully  n-OAVlmVrd  hn  hmth 
IGP-I  and  U,  almough  with  a  20-fold  lower  affinity  than  Intact 
UjiFUlM  (M,  ’Ji)  binulftiiy,  a  caibo:cy  Uiu'icait J  23-kD4 
lCFBP-5  fragrrifint  from  osteobta*t-1ikA  caIK  dAmnruh-flt^d 
dvcrBaeed  IGh  binding  affinity  (36,37).  Deletion  mutagenic 

of  thi*  rnrhoxyh^rmirvil  rtnrnrtm^oi  and, KJI TVM JilA S 

resulted  in  a  decrease  in  IGF  affinity,  thereby  demonstrating 
th<- impnrlanoe  of  the  highly  Lys-iVv-Cys^VAl iUn- 

t±r  in.  rite  carboy  terminal  region  (38,  39).  The  preoent  study 
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FiU.  6.  Eflad-  <.»f  on  t*JI  s«i  fn:r  Awev.Mfciim  of  KsPiUM!  Anri 

its  frugtrv«nln  Cw<dwnl.  NFR-.^TA-Tfll^IT?  i*<IIn  with  m* 

thor  poptidwi  ulonv  [lime  X,  9.  TffTPnV-fl;  Un*  B, 

<«&-2e*>IGFBP-3j  lam  6,  <U97)IGFBP-$]  yr  »iU» y*y»  ^  f. .iwji- 
bated  With  heparin  for  1  h  at  4  C  lluae  4,  IOFBF-S «  U*£'Hrm;  Ihu* 

(93  261)lGFfiP  3^hjeparlnli  Qr  the  eaHa  w»w  ILnl  uvulcti  willi  hep* 
nrin  for  i  h,  waahod,  aa4  then  the  follow  c  peptidw  war*  added:  laaa 
at  ICPBP  $;  Iftno  6*  (SR  26*)1GFB1>  3.  All  tho  trwtmente  were  car- 
ncdovt  for  8  h  At  ib  C.  After  writhing,  tho  colli  were  cmc*ll»ktd,  and 
coU  iysatce  were  run  on  a  1646  SDS  PAGE  and  lmmunoblottod  with 
aaU-lG'if'&P-i*  moDOcloncil  Antibody.  The  arrbu'C  indicate  the  cell* 
»urlacc-(i33CHnatcd  op  coco. 

le  the  first  to  dearly  demo titrate  ilus  ability  uf  Ui«  28-UDa 
lt‘tl  hl,-*i  intermediate  l  OOOH-trrminal  prolc.o 
lytic  fragment  to  bind  both  TGFf.  and  insulin  in  two  different 

procedure*,  allii lily  uC’tte^iii'tikirtft  *OCt  Western  lijymd  hlnh 

Interestingly,  the  binding  of  the  (9$  261UCFBP  3  fragment 
t0  “*I-lGF-J  or  l>?I-insuun  Wi»b  compvUUvely  tli*plaufd  by 
boll\  1GJR  And  insulin,  though  with  different  affinities,  sug¬ 
gesting  that  the  insulin  and  IGF  binding  sites  are  probably 

not  identical  but  overlap  <X'  OtS‘d*  Closely  on  Ihf*  KtI'HI’-’i 

molecule.  This  is  in  contract  with  the  (1  97)!GFBP-3  fig¬ 
ment,  when;  Insulin  »u id  IGF-i  wei*  approximately  equips 
t mt  in  displacing  ^O  l 

We  have  shown  that  IGFBP-3  caub**  a  dvye-dt!p*nd<sul 
kihlhUicm  of  KiP-Hnduned  IGPTR  autnphosphoiylation  in 
NIH  3T3  colls  overexposing  the  lGr’LR.  This  inhibition  oc- 

wun*  at  an  1.1  iiiolcti  Wdio  Ol  IGl-'HI’-i  to  IWI'-l,  f.n 

IGF-depcndcnt  mechanism  of  modulation  of  receptor  sig¬ 
naling- The  (1-97)  NH,-t*tiudiud  Iia^uenl  nsUined  lh*  flbil* 
i hy  hn  modulate  llTP-t  binding  and  signaling  via  the  ICFIR  by 
inhibiting  iGF-I-stimulated  iGFTR  uutophospliorylatioii,  ai- 
hcil  at  .'Mhfiild  hi^tirr  rnncrntrfitiOnfl  than  intflet  1GFBP  3. 
That  this  Inhibition  of  ICFIR  signaling  is  lar^v  attributable 
lo  5c^iicstr»tion  of  ICVP-T  is  strongly  supported  by  the  ob 
servadonp  that  both  intact  IGFBP-3  and  (1^7)IGFBF  -3  C.IHJI- 
pele  willi  1W1-KJI:-I  Mndi.i«;/iTnss-iink-in^  tntb^*  receptor  in 
monolnyer  affinity  croco  Unking  experiments. 

Lntwrwtutglyr  Ihe  (98-264)  liA^n'Wriil  urdike  Ihc  (1-97) 
lli'PBP-3,  failrd  to  show  any  inhibition  of  ICFIR  signaling, 
despite  its  ability  to  bind  IGFs,  as  rvx  valcxl  by  in  jilro  bindiiiK 


rtiicd y iis.  The  COOl  1-teixniAti.l  h-ogmenfs  (9tup(4)  Anri  (1 M4- 
264)  also  failed  to  compete  for  12*I  IGF  I  bindlr^  and  crosc 
linking  to  the  1GFIR,  compared  widi  inbict  IGFbF-3  and  Uw 
(1-97)  Nill2-Uuiiiii".cd  1(jI;U1V3  We  speo.iiate  Hi.it 

\hf.  inability-  of  the  fragments  containing  the  COOH  tCrtfiinal 
domain  or  1GF&P-3  to  inhibit  IGF-I  binding  to  tltv  IGFIE 
mil  Id  be  Attribute blr  tn  tbr  following  mfChani.SrttS;  ()  the 
COOH-termlnai  fragment  binds  lGP-1,  and  the  entire  eunv 
^le.».  is  slUI  capable  ol  hindinp,  to  ^nri  AiifopbonphoiylAhnf; 
the  ICFIR.  implying  that  xho  binding  cite  on  TGF-I  for  the 

leiepliu  eu id  leu  the  ua*l*0*ylenninal  «-4R«On  ol  Alt? 

different;  and  2)  the  COOH  terminal  domain  of  IGFBF  3 
possesses  an  extracellular  nwttlx  (BCM)  binding  regkxi,  and 
SI  is  possible  Hvst  in  the  rrllnUr  Amnrnnmcnt  thr  frA^mmte 
containing  the  GOOH-terminal  domains  am  more  prone  to 
associate  nith  the  cell  surface  and  are  not  available  to  se- 
•:|i.i«sUi'  IGL'-k  especially  Pjiveri  Iheir  low  Affinity  for  Ujll4’  To 
test  thcac  hypotheses,  the  ability  of  the  FLAG  epitope  tagged 

fragment*  li>ii>*OLiale  wilii  the  cell  surface  wa*>.lujiediit  llie 

presence  of  TGF-T,  with  subsequent  croas-linking  and  by  anal¬ 
ysis  of  cell  lysates  on  immunoolots  probed  with  anti-lGFBP-3 

nr  M )  »nh-l'l  A(“i  Antibody.  Onr  d«te  in  dir  Ate  Hint  the 

COOH -terminal  fragmento  (98  -264 )  and  (181  -  264)  have  the 
^L-i'Jil  y  to  associate  lo  iheeell  sivUce  ‘x>.  Ihe  presence  ol  1GF-1, 
unlike  the  NH2  fragment  (1  97),  ICFBP  3/  which  showed  no 
cell-surface  association.  Further,  there  was  no  shift  in  mo- 
leciiter  we-i^b.t  of  lhi>  ceJ.l-surtece  assedaied  bmds,  and.  luep- 
orin  blocked  the  binding  of  both  intact  and  the  (98  -  264)10 
FBP-3  fragment  to  the  cell  surface,  ruling  out  the  possibility 

of  interArhm  nf  the  frnfjmente  with  Any  receptor  molecule 
and  thereby  supporting  the  second  hypothec^.  This  lc  In 
^eemenl  wilh an e&ili*i  sUvcly  (40),  wlikin edited  Uidl<m 
1CFBF  3  deletion  fragment,  lacking  the  184  264  region, 

Iculed  Lu  *liow  diiy  ceU-*urIiiLe  hhkocIhUo^  Tlivrv  two 

putative  heparin-binding  motifs  in  TGFEP-X  located  st 
amino  adds  148-153  ana  219-226  in  the  central  and  car- 
hovyltei’minoJ.  regions,  A*especlively,  and  the  carboxyl  termi¬ 
nal  motif  has  been  shown  to  have  4  fold  higher  affinity  for 
heparin  (41).  Recently,  Britmeru  ^  «/-,  1999  (42),  have  iden- 
hfii^d  two  nrinbAiic  reuidue^  (GlyTin  And  GlnAW)  withm  the 
BCM binding  region  (201  21$)  In  the  cotboxy  terminal  region 

C>I  KJbW-5,  muldliCuiS  Ol  *ddd.i  lcaiS«  8-  LL«10-Iukl  itfduLliun 
in  affinity  for  human  IGF  I,  This  region  fa  a  highly  conserved 
domain  ill  1GFBP-5,  -3,  and  -6  and  »*  known  to  contain  the 
hepflrirt-binding  domAin.  Th^  auHinrt  Hav^  prnpo^  +ViAt 
the  IGF-l  and  HCM  binding  sites  partially  overlap,  and  hep- 

nrin  binriin«  the  K-ific  Amino  flcMs  intedei’e  with 

IGF  1  interaction  fc  viw. 

Previous  btudiws  w  it>i  mini-receptor  instructs  and  with 
isolated  domains  Or  prciteolyhe  of  Hie-  tGl'VM  I4.i) 

urokinase  receptor  (14),  CH  receptor  (45),  toUn.  (46),  to  name 

h  lew ,  LiMiliuned  U»e  involvcmunl  of  two  or  morv  ligund 

contact  regions.  Similarly,  in  th*  ca.v  of  IGFBP-X  it  w.ms 
that  th^i  IGh-  and  inyuHn-binding  domains  are  bipartite  and 
pOx^iWy  rivrrlftpping.  In  Our  biologic!  Ayxtemr  tbr  xtmchi- 
ometrv  of  IGFBP-3  binding  to  1GF-I  seems  to  be  1:1.  We 
pi^hitete  ttiAl  hcith  Nl  l2-  ,mri  l  l.X.JI  1-terminAl  riom,iios  h,ivi? 

residues  that  arc  capable  of  binding  IGF  I  and  insulin  with 
low  afi  if  lily.  Huwuvur,  llien*  i*  sunullunvouv  interaction  of 
the  two  so-TAlleri  hi-lf  *wte\  in  intert  TGFIFST'-  ^  wbirh  creates 

a  hlgh-afflnity  IGF  binding  site  on  the  molecule.  Slmulta- 
jieouilv,  lliii  uiieidiliuii  leadk  to  ^  uiHfkedly  t«du(.e<.l  .-.bililv 
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Fiu.  7.  IGF1K  iiutyplKHiplurylKlwo  ***■>«*.  4,  Om'^wI  MIW-$T$- 
ICFIR  cells  stably  trumfecwd  with  tin.*  Uuwmi  IGFIK  vDNA  wvre 
oxpoeod  for  either  3  min  or  IQ  min  to  i,  7,  and  U  rm  iGF-I  paptide. 
The  rcaetaan  woo  qurnehod  by  co lubili cation  buffer,  and  the  eolubl 
Used  proteins  were  jjcporotcd  hv  7./M6  SDS  PAGE,  under  niduoinc 
COndltlO  0-1,  end  viouolifccd  hv  immunnhlot  acnlycic  uiiinp  anti  p  hoc 
ph0tJTO8mC  monoclonnl  antibody  Thr.  arrow  indicates  th©  56  hDu 
0-*ubttllit  or  iQMfC,  Confluent ‘.MTH  WTlii  ICFTReeLlr:  were  caponed 
tor  b  nun  to  6U  ntf/ml  iCfc-h  which  had  been  proincubntcd  with 
iCJt'tft'-di  I.  -UV,  or  !ttf  UK4  proteolytic  fraproent  for  3  h  at  1  C.  The 


Of  Intact  TGFBF^  to  bind  insulin,  pussiUy  Ws,4u*u  yf  uu*}.- 
ipfi  erf  tn*  vrsu'Uir*  That  interArt  with  insulin,  an  a  rc.<nilt  of 
ternary  conformational  change  (21),  With  reaped  to  IGF 
binding  to  Wjpni'-'.l.  it  ia  nnrlrur  whH+ter  H-i^  NH2-  And 
COO.H  tormina!  domains  contribute  equally,  We  predict  the 
presence  ol  lunctional  residues  in  the  Mi  l2-termmu*  {w7?) 
and  COOH  terminus  (149  264)  that  confer  high  affinity  by 
cooperative  or  conformational  cltanK*?*;  Uu*  i*Uuclui<il  itfii- 
dur?  that-  mt pdiAtr  thr  n^teASAry  Tvwnvafent  interaction* 
may  reside  in  the  NH2*.  intermediate  or COOH-ttpninus  of 
thu  ICjFBP-3  molecule.  Aivea  the  sldUnft  sim¬ 

ilarity  of  the  NH^termino!  domains  and  the  fact  that  this 
region  is  encoded  by  a  singly  exon  in  uU  of  thv  clui>vtal 
It ti'HI’s  And  thr  i'CtTBP-rPft  (tow-affinity  TCTF  binders),  it  In 
possible  that  the  NH^-terminus  is  the  critical  functional  com¬ 
ponent  involvM  in  binding  Itil'i,  And  thAt  (‘OnfOrrrIA'hOiliJl 

effects  imposed  on  the  Nil, -terminus  by  the  COOH-tenrunal 
domAin  Arr  rpquinfH  fdr  high-Affmity  Hiridiiig. 

Ia  svjrsnzty,  the  present  Dtudy,  along  with  previous  work 
kom  om  «uv;L  oli\e;  Uiboralcuriies,  deArly  demonstrates  the 
ability  of  the.  ItfFBP-3  aminotcrminal  fragment  to  bind  iGF 
and  insulin  and  to  inhibit  IGFIR  and  insulin  receptor  auto- 
phnsphnrylflhnn  {/’l,  VVJ, r^vArtlrng  thAtthTVIA-ld  )a  fTAj^m^nt- 
may  be  capable  of  both  ICF-I-dcpcndcnt  and  IGF-Indcpen- 
denl  roles  in.  rocdui-Mo^  cell  growth  t  lewder,  the  c«»ttcw- 
yltcrrniral  fragmoms,  which  also  have  the  ability  to  bind 

IOiF-1  Jiid  uuulIiL  in  vilru,  Gill  to  prevent  bindluiK  of 

either  lOb*  1  or  insulin  (data  not  shown)  to  their  respective 
tecepLois,  beiduie  ol  Uie  tendency  ol  UieseluiguieuU  lot  cell 
surface  o33odction  via  the  heparin  binding  domain.  Also 
lntrigui;ig  is  the  identification  of  a  thyroglwulm-like  motif 
m  th*  CTK“)H-+prminAl  TrgicmA  of  IGl  KM  snprrfnTmly^  whirh 
has  also  been  found  in  the  superfamily  of  protein  inhibitors 
ol  uyfcteine  pioleiiidfcev  (47,  48).  Wlujtliur  this  highly  i,on- 
<w>rv«d  thyroglohulirt  type-r  ri*nrn»nt  a<*+a  An  An  in¬ 

hibitor  of  cysteine  proteinases  in  these  proteins,  remains  to 
h*  MfAhliAhArl.  Thf  rn+rrrnrdiflh*  vwinn  nf  lftNflVI  rln^s  not 
swm  to  bind  IGFs  or  insulin,  and  its  role  in  high^afflnity 
binding  tn  TGFa  T5  probuhly  irlAb-d  to  iH  Ability  to  nmmntp 
proj.v>ir  tertiary  structure  anj  optimal  interactions  between 
the  amino-  and  rarbnvy+ArmmAl  rMidnM.  Fiir+hpr,  it  hn* 
bwn  demonstrated  that'the  intermediate  region  of  lGFBP-3 
iA  mvrtlvAd  in  tlv  vp^nfir  mtfwHon  h^Hvircn  U.-ilMtl  V.t  (icjM 

its  putative  cdt-purfacc  receptor  (26),  Taken  together,  it  is 
tempting  Lo  s^culdlAi  Quil  vmiuu>  Conn*  of  IGrBP*3  (rag* 
menu  resulting  from  proteolysis  by  TGFBP-:'i  *p*»rifir  prrv- 
teastts  will  have  different  effects  on  the  ICFTCFIR  axis,  as 
wi»ll  a^  potentiAl  It  d'-inite^ndcnt  Aitfions 

Ar  loxowled  gmeuts 

Wk  14  I  lit  mi  M  GmWmiii  Hint  Fii/xWli  W'ilwjjil  fr.ff  tedulkHl 

<up|M'iil  rtuil  hi  Di'.  Vivian  tTw*  uf  4l^(,,li*?n  M  Twj^j^  fur 


isolubiliied  protsinfi  «.*«rQ  s«paraiarf  by  7.5*  $I>$-PA0K,  r$* 

dudnj?  condition®,  and  vl®yjdii5o<l  by  lmmunoblot  analyfcii:  uaing  aa 
noaofcphotvrocuio  caoaonioaal  emtibody.  The  arrowo  indicate  the  56 
hDc  {#  ?ubunh  of  7CF1R  w  each  immuaoblot.  C,  The  apccilie  ye-kda 
band*  rcprc&catiar  the  pnoaphoryl&ted  0-subumt  pt  the  i(Jl|lllt  end 
the  liS-felto  aoftspecthc  bunds  in  the  tfele  shown  in  13  end  in  other 
replicate  experujfienle'n-  li-4)  were  denait»metn«ilyenAbfiif!d.  The 
nxtiO  Ol  the  two  bend  intcasitaw  waa  used  t©  norroalii*  And  quAntsfy 
ihe  perc®nt*c«  ot  mixim&l  iCif  -l-induced  lGt'llt  autophoaphorylA- 
;»on  detected  jo  ihe  prt-t«nce  ol  intact  iCIFbl1^  and  its  fraffraentB. 
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W*  ih^rtV  Diagnostic  l^ateirji  Ldt>0:<lto?K*,  Jr*  for  pro 
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Summary: 

The  IGFBPs  are  classically  known  to  bind  IGFs  and  modulate  the  IGF  signaling  system,  however,  emerging  data  have 
suggested  that  IGFBPs  may  play  more  active,  IGF-independent  roles  in  growth  regulation  in  various  cell  systems.  In 
support  of  this  hypothesis,  IGFBPs,  in  particular  IGFBP-3,  have  been  recently  shown  to  potently  inhibit  proliferation 
of  various  cell  types  in  an  IGF-independent  manner.  However,  the  specific  mechanism  for  the  IGF-independent  action 
of  IGFBP-3  is  not  yet  clearly  understood.  In  the  present  study,  we  have  demonstrated  a  novel,  IGF-independent  role  for 
IGFBP-3;  cell  cycle  arrest  and  induction  of  apoptosis  in  MCF-7  human  breast  cancer  cells.  MCF-7  cells,  which  do  not 
produce  IGF  peptides,  were  stably  transfected  with  an  IGFBP-3  cDNA  construct  using  the  ecdysone-inducible  expression 
system.  Dose-dependent  inducible  production  of  IGFBP-3  protein  was  detected  in  the  induced  stably-transfected  cells, 
compared  to  undetectable  levels  in  control  parental  and  uninduced  stably-transfected  cells.  Induction  of  IGFBP-3  in 
these  cells  showed  dose-dependent  inhibition  of  DNA  synthesis  as  assessed  by  [^Hj-thymidine  incorporation  assays. 
This  inhibitory  effect  was  abolished  by  co-treatment  with  Y60L-IGF-I,  an  IGF  analog  which  has  significantly  reduced 
affinity  for  the  IGF  receptor  but  retains  high  affinity  for  IGFBP-3,  demonstrating  specificity  and  IGF-independence.  In 
addition,  flow  cytometry  analysis  showed  that  induced  expression  of  IGFBP-3  led  to  an  arrest  of  the  cell  cycle  in  Gl- 
S  phase.  Induction  of  IGFBP-3  resulted  in  a  significant  decrease  in  the  mRNA  and  protein  levels  of  cyclin  D,  but  not 
cyclin  E,  as  well  as  concomitant  decreases  in  the  levels  of  cdk4,  total-Rb,  and  phosphorylated-Rb,  consistent  with  and 
presenting  a  possible  mechanism  for  IGFBP-3-induced  cell  cycle  arrest.  Moreover,  IGFBP-3  inhibited  oncogenic  Ras- 
induced  phosphorylation  of  MAPKs,  presenting  the  evidence  for  cross-talk  of  IGFBP-3  signaling  with  MAPK  signal 
transduction  pathway.  IGFBP-3 -expressing  cells  also  displayed  increased  Annexin  V  binding  compared  to  controls, 
exhibiting  the  IGFBP-3-induced  apoptosis.  Further  studies  demonstrated  that  IGFBP-3  caused  an  increase  in  caspase 
activities,  suggesting  a  potential  mechanism  for  the  IGFBP-3 -induced  apoptosis.  Taken  together,  present  study  shows 
that  cellular  production  of  IGFBP-3  leads  to  cell  cycle  arrest  and  induction  of  apoptosis,  thereby  inhibiting  cell 
proliferation  in  these  MCF-7  human  breast  cancer  cells  and  suggesting  that  IGFBP-3  functions  as  a  negative  regulator 
of  breast  cancer  cell  growth,  independent  of  the  IGF  axis. 
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Introduction: 


The  insulin-like  growth  factor  binding  proteins  (IGFBPs)  are  components  of  the  IGF  signaling  system,  and  their 
superfamily  is  comprised  of  six  high  affinity  species  (IGFBPs  1-6)  and  several  low  affinity  binders  (IGFBP-related 
proteins  (IGFBP-rPs))  (1-5).  The  classical  role  of  the  IGFBPs  involves  IGF  binding  and  modulation  of  IGF  signaling, 
however,  recent  data  suggest  that  some  IGFBPs  may  play  more  active,  IGF -independent  roles  in  growth  regulation  in 
various  cell  systems  (6-19).  In  particular,  IGFBP-3  has  been  shown  to  potently  inhibit  proliferation  of  various  cell 
types  in  an  IGF-independent  manner.  This  concept  of  IGF-independent  action  of  IGFBP-3  is  supported  by  demonstrations 
that  (1)  exogenous  IGFBP-3  binds  to  specific  proteins  on  cell  surface  and  this  interaction  is  strongly  correlated  with  the 
ability  of  IGFBP-3  to  inhibit  cell  growth  (8, 9);  (2)  overexpression  of  a  transfected  human  IGFBP-3  cDNA  inhibits  cell 
proliferation  (10-12);  (3)  IGFBP-3  mediates  transforming  growth  factor-b  (TGF-b)-  (13),  retinoic  acid-  (14),  antiestrogen- 
(15),  vitamin  D  analogs-  (16),  and  tumor  necrosis  factor-a  (TNF-a)-  (17)  induced  growth  inhibition;  (4)  regulation  of 
IGFBP-3  gene  expression  plays  a  role  in  signaling  by  p53,  a  potent  tumor-suppressor  protein  (18);  and  (5)  IGFBP-3 
fragments  inhibit  the  stimulation  of  DNA  synthesis  induced  either  by  IGF-I  or  insulin  (19).  Recently,  several  reports 
have  demonstrated  that  IGFBP-3  induces  apoptosis  in  PC-3  prostate  cancer  (20)  and  MCF-7  breast  cancer  cells  (21), 
and  increases  ceramide-induced  apoptosis  in  Hs578T  breast  cancer  cell  line  (22).  However,  the  specific  mechanism  for 
the  IGF-independent  action  of  IGFBP-3  is  yet  to  be  elucidated.  Moreover,  applications  of  the  purified  IGFBP-3  from 
biological  fluids  and  recombinant  species  have  showed  limitation  for  the  biological  studies  due  to  concerns  about  the 
purity,  bioactivity  and  post-translational  modification  of  IGFBP-3.  In  this  study,  we  have  investigated  a  novel,  IGF- 
independent  role  for  IGFBP-3;  cell  cycle  arrest  and  induction  of  apoptosis  in  MCF-7  human  breast  cancer  cells  by 
inducible  cellular  expression  of  IGFBP-3. 

We  hypothesized  that  IGFBP-3  inhibits  cell  growth  in  an  IGF-independent  manner  and  were  interested  to 
determine  whether  its  growth-inhibitory  effects  involve  regulation  of  the  cell  cycle  arrest  and/or  induction  of  apoptosis. 
To  address  these  questions,  we  generated  a  subline  of  MCF-7  cells  (which  do  not  produce  IGF  peptides)  stably  transfected 
with  an  inducible  IGFBP-3  cDNA  construct  using  the  ecdysone-inducible  expression  system.  This  controlled  system 
was  used  to  look  carefully  at  the  effects  of  induced  IGFBP-3  expression  on  the  cell  cycle  and  apoptosis.  We  then 
investigated  possible  mechanisms  of  growth  inhibition  and  the  signal  transduction  pathways  involved  in  inhibitory 
actions  of  IGFBP-3. 


Experimental  Procedures 

Materials 

Cells  were  purchased  from  American  Type  Culture  Collection  (Rockville,  MA).  Tissue  culture  reagents  and 
plastics  were  purchased  from  Mediated!  (Herndon,  VA),  Becton  Dickinson  (Franklin  Lakes,  NJ)  and  Nunc  (Naperville, 
IL).  Monoclonal  antibodies  against  cyclin  D1  were  purchased  from  NeoMarkers  (Fremont,  CA),  cyclin  D3  from 
Calbiochem  (Cambridge,  MA),  cyclins  A,  E  and  poly(ADP-ribose)  polymerase  (PARP)  from  Santa  Cruz  Biotechnology 
(Santa  Cruz,  CA),  cyclin-dependent  kinase  (cdk)  4  from  Transduction  Laboratories  (Lexington,  KY).  Polyclonal 
antibodies  against  retinoblastoma  protein  (Rb),  phospho-Rb,  p44/42  mitogen-activated  protein  kinase  (MAPK),  and 
phospho-p44/42  MAPK  were  purchased  from  New  England  Biolabs/Cell  Signaling  Technology  (Beverly,  MA). 
Monoclonal  antibody  against  IGFBP-3  and  a  radioimmunoassay  kit  for  IGFBP-3  were  generously  provided  by  Diagnostic 
Systems  Laboratories  (Webster,  Tx).  Recombinant  human  IGF-I  analog,  Y60L-IGF-I  was  the  generous  gift  of  Protigen 
Inc.  (Mountainview,  CA).  DEVD-AMC  and  LEHD-AMC  flourogenic  caspase  substrate  peptides  were  purchased  from 
Biomol  (Plymouth  Meeting,  PA).  The  ecdysone-inducible  expression  system  was  from  Invitrogen  (Carlsbad,  CA). 
Human  cyclin  D1  cDNA  was  purchased  from  American  Type  Culture  Collection  (Rockville,  MA).  A  constitutively 
active  Ras  (RasV  1 2)  cDNA  expression  construct  was  the  kind  gift  of  Dr.  Philip  Stork,  Vollum  Institute,  OHSU,  (Portland, 
OR).  DNA  preparations  were  made  using  kits  from  Qiagen  (Chatsworth,  CA). 

Generation  of  an  MCF-7 -derived  Inducible  IGFBP-3  Cell  Line 

A  cDNA  encoding  human  IGFBP-3  was  cloned  into  the  pIND  expression  vector.  This  construct  was 
cotransfected  with  pVgRXR  (encoding  a  hybrid  ecdysone  /  retinoid  X  receptor)  into  MCF-7  cells  using  FuGene  6 
transfection  reagent  (Roche,  Indianapolis,  IN).  Cells  were  split  48  h  later  to  low  density  into  selective  medium  containing 
G418  (800  |J,g/ml)  and  zeocin  (100  jig/ml).  After  14  days,  isolated  foci  of  selection-resistant  cells  were  subcultured  and 
expanded.  To  test  for  the  proper  inducible  expression  of  IGFBP-3,  each  clone  was  cultured  in  the  presence  of  the 
inducer  ponasterone  A  (2- 15  |xM).  Conditioned  media  (CM)  were  collected  to  test  for  ponasterone-inducible  expression 
of  IGFBP-3  by  western  immunoblot.  Hybrid  receptor  only-transfected  (MCF-7  :EcR)  cells  were  used  as  a  negative 
control. 

Cell  Cultures 

All  cells  were  maintained  in  Dulbecco’s  modified  Eagle’s  medium  (DMEM)  supplemented  with  4.5  g/liter 
glucose,  110  mg/liter  sodium  pyruvate,  and  10%  fetal  bovine  serum.  Stably-transfected  MCF-7:EcR  cells  were 
maintained  in  selective  medium  containing  100  |Hg/ml  zeocin.  Stably-transfected  MCF-7  :BP-3  cells  were  maintained 
in  selective  medium  containing  800  |ig/ml  G41 8  and  100  (ig/ml  zeocin.  For  studies  involving  the  induction  of  IGFBP- 


3  expression,  cells  were  seeded  and  cultured  until  60-70%  confluent,  then  switched  to  serum-free  media  with  or  without 
15  pM  ponasterone  A  for  72  h,  unless  otherwise  indicated  in  the  text.  CM  were  collected  and  centrifuged  at  1000  X  g 
for  10  min  to  remove  cell  debris. 

[^H]  Thymidine  Incorporation  Assay 

Cells  were  seeded  and  cultured  in  24-well  dishes.  After  three  days  of  IGFBP-3  induction,  a  4  h  pulse  of  0.1 
|LlCi  of  [3H]  thymidine  (25  Ci/mM;  NEN,  Boston,  MA)  in  a  volume  of  25  ^il  was  added  to  each  well.  Cells  were 
incubated,  and  the  rate  of  DNA  synthesis  was  estimated  by  measuring  the  trichloroacetic  acid-precipitable  radioactivity, 
as  described  previously  (23). 

Flow  Cytometry :  Cell  Cycle  and  Apoptosis  Assays 

Cells  were  seeded  and  cultured  in  6-well  dishes,  then  induced  to  express  IGFBP-3.  Cells  were  harvested, 
pelleted  at  1000  rpm  for  5  min  and  washed  three  times  with  phosphate-buffered  saline  (PBS).  For  cell  cycle  analysis, 
each  sample  was  resuspended  in  propidium  staining  solution  (50  mg/ml  propidium  iodide,  100  U/ml  RNase  A,  0.1% 
Triton  X-100,  0.1%  sodium  azide  in  PBS)  and  incubated  for  30  min  in  the  dark.  Analysis  of  apoptotic  cells  was 
performed  using  FITC-conjugated  Annexin  V  (Santa  Cruz  Biotechnology,  Santa  Cruz,  CA  )  according  to  the 
manufacturer’s  directions.  Data  were  collected  on  a  FACSCalibur  flow  cytometer  (Becton  Dickinson,  Fmaklin  Lakes, 
NJ)  equiped  with  an  argon  laser.  The  data  were  analyzed  using  Cell  Quest  software  (Becton  Dickinson). 

Western  Immunoblotting 

Cell  lysates  were  prepared  as  described  previously  with  minor  modifications  (24).  In  brief,  confluent  cells 
were  washed  with  cold  PBS,  then  scraped  from  plates  in  the  presence  of  cold  RIPA  lysis  buffer  containing  20  mM  Tris, 
pH  8.0, 150  mM  NaCl,  1%  Nonidet  P-40,  0.5%  Na  DOC,  0.1%  SDS,  containing  a  protease  inhibitor  cocktail  (Roche, 
Indianapolis,  IN).  Cell  lysates  were  rocked  for  15  min  at  4°C,  then  centrifuged  to  remove  cell  debris.  The  aliquots  were 
stored  at -70°C  until  use.  Conditioned  media  samples  were  fractionated  by  12%  SDS-polyacrylamide  gel  electrophoresis 
(SDS-PAGE)  under  nonreducing  conditions,  while  cell  lysate  samples  were  fractionated  under  reducing  conditions. 
Fractionated  proteins  were  electrotransferred  onto  Hybond-ECL  nitrocellulose  (Amersham  Pharmacia,  Arlington,  VA). 
Membranes  were  blocked  in  5%  nonfat  dry  milk  in  Tris-buffered  saline  with  0.1%  Tween-20  (TBST),  and  incubated 
with  primary  antibodies  diluted  in  TBST  for  2  h  at  room  temperature  or  overnight  at  4°C.  Membranes  were  washed  in 
TBST,  then  incubated  with  horseradish  peroxidase-conjugated  secondary  antibodies  (S  outhem  Biotechnology  Associates, 
Birmingham,  AL),  diluted  1 :7000,  for  1  h  at  room  temperature.  Immunoreactive  proteins  were  detected  using  Renaissance 
Western  Blot  Chemiluminescence  reagents  (NEN,  Boston,  MA). 


Northern  Blot  Analysis 

Total  RNAs  from  monolayer  cultures  of  IGFB P-3 -transfected  stable  cell  line  cultured  with  or  without 
ponasterone  A  were  isolated  using  the  RNeasy  RNA  isolation  kit  (Qiagen,  Chatsworth,  CA),  and  quantitated  by 
absorbance  at  260  nm.  Five  |lg  of  total  RNA  were  electrophoresed  on  1%  formaldehyde  gels  and  transferred  to 
GeneScreen  Plus  nylon  membranes  (NEN).  Membranes  were  UV  crosslinked  and  stained  in  0.02%  methylene  blue  / 
0.3  M  NaOAc,  pH  5.5  to  verify  equivalent  loading  and  transfer.  32P-labelled  cDNA  probes  were  prepared  using  the 
Prime  It  kit  (Stratagene,  Cedar  Creek,  TX).  Membranes  were  hybridized  in  ULTRAhyb  buffer  (Ambion,  Austin,  TX) 
overnight  at  42°C,  and  washed  in  0.1  X  SSC  as  described  (3). 

Densitometric  and  Statistical  Analysis 

Densitometric  measurement  of  immunoblots  were  performed  using  a  Bio-Rad  GS-670  Imaging  densitometer 
(Bio-Rad,  Melville,  NY).  All  experiments  were  conducted  at  least  three  times.  The  data  were  analyzed  with  Student’s 
t  test,  using  the  Microsoft  Excel  98  software  package. 

Caspase  Assay 

Cells  were  seeded  in  96-well  plates  until  90%  confluent,  then  incubated  in  triplicate  with  or  without  ponasterone 
A  for  the  times  indicated.  Cells  were  lysed  in  30  pi  per  well  of  ice-cold  lysis  buffer  (50  mM  HEPES,  pH  7.4,  0.1% 
CHAPS,  0. 1  %  Triton  X- 1 00, 1  mM  DTT,  0. 1  mM  EDTA).  20  pi  of  each  lysate  was  used  in  assays  for  caspase  activity 
using  a  combination  of  two  fluorogenic  peptide  substrates,  DEVD-AMC  and  LEHD-AMC,  which  together  cover 
specificity  for  a  wide  range  of  caspases.  Lysates  were  distributed  into  a  96-well  black  plate  and  diluted  in  190  pi  of 
assay  buffer  (50  mM  HEPES,  pH  7.4, 100  mMNaCl,  0.1%  CHAPS,  lOmMDTT,  1  mM  EDTA,  10%  glycerol).  Serial 
dilutions  of  free  7-amino-4-methylcoumarin  (AMC,  Sigma,  St.  Louis,  MO)  diluted  in  assay  buffer  were  included  to 
generate  a  reference  standard  curve  for  determination  of  the  amount  of  AMC  released  in  each  reaction.  The  plate  was 
pre-incubated  for  10  minutes  at  37°C,  then  the  reactions  were  started  with  the  addition  of  DEVD-AMC  and  LEHD- 
AMC  to  each  well  to  a  final  concentration  of  40  pM  each.  Reaction  kinetics  were  monitored  for  up  to  1 6  hours  at  37°C 
in  a  Bio-Rad  Fluoromark  fluorometer,  with  plate  readings  taken  every  10  minutes  at  excitation/emission  of  390nm/ 
460nm.  Of  the  remaining  cell  lysate,  5  ml  were  assayed  for  protein  content.  Data  were  analyzed  from  the  linear 
portion  of  the  reactions  using  Microplate  Manager  software  (Bio-Rad),  and  final  results  were  adjusted  for  protein 


content. 


Immunocytochemistry 

Cells  were  seeded  in  8-chamber  slides  and  cultured  until  70%  confluent,  then  incubated  with  or  without  ponasterone  A 
for  48  or  72  hours.  Cells  were  then  rinsed  twice  in  PBS,  fixed  in  4%  paraformaldehyde,  then  rinsed  again  in  PBS.  For 
some  antibodies,  cells  were  additionally  incubated  in  ice-cold  methanol  for  2  minutes  on  ice.  Slides  were  blocked  in 
5%  normal  goat  serum  /  PBS  /  0.1%  Triton  for  1-2  hours  at  RT,  then  incubated  with  primary  antibodies  diluted  in 
blocking  solution  at  4°C  overnight.  Slides  were  rinsed  3  times  5  minutes  in  PBS  and  incubated  with  secondary  antibodies 
diluted  in  blocking  solution  for  1  hour  at  RT.  Slides  were  rinsed  as  before,  and  cells  were  covered  in  50%  glycerol 
before  coverslipping.  Data  were  collected  on  a  Nikon  (Melville,  NY)  Diaphot  300  inverted  fluorescent  microscope 
equipped  with  a  1.3  megapixel  CCD  camera  (Princeton  Istruments,  Trenton,  NJ)  using  IPLab  software  (Scanalytics, 
Fairfax,  VA). 


Results 

Induced  Expression  oflGFBP-3  in  the  MCF -7 -derived  Sstahle  Cell  Lines 

For  these  studies  we  developed  a  subline  of  MCF-7  human  breast  cancer  cells  which  expresses  IGFBP-3 
when  cultured  in  medium  containing  an  inducing  compound,  ponasterone  A.  The  parental  MCF-7  cells  do  not  express 
detectable  levels  of  IGFBP-3,  and  also  do  not  express  IGF  peptides  (25),  making  this  cell  line  an  ideal  choice.  A  total 
of  16  selection-resistant  clones  were  generated,  and  these  were  tested  for  inducible  expression  of  IGFBP-3  by  western 
immunoblotting  of  conditioned  media  (CM)  samples.  Figure  1  shows  the  panel  of  IGFBP-3  protein  production  from 
these  1 6  clones.  IGFBP-3  was  expressed  in  clones  #2,  #3,  and  #6  in  an  inducible  manner,  while  constitutively  expressed 
in  clones  #1  and  #16.  Expression  of  IGFBP-3  could  be  detected  from  24  h  at  the  concentrations  of  ponasterone  A 
ranging  from  1  to  15  pM  without  affecting  the  cell  viability  (data  not  shown).  Clone  #3  (MCF-7 :IGFBP-3  #3)  was  used 
for  further  experiments.  Quantitative  analysis  of  IGFBP-3  protein  levels  in  CM  of  induced  MCF-7:IGFBP-3  #3  cells 
using  a  radioimmunoassay  indicated  that  maximal  levels  of  IGFBP-3,  ranging  from  approximately  100-150  ng/ml, 
occurs  on  day  3  at  the  concentration  of  15  pM  ponasterone  A. 

IGF -independent  Inhibition  ofDNA  synthesis  by  IGFBP-3 

Induced  expression  of  IGFBP-3  by  ponasterone  A  resulted  in  an  inhibition  of  DNA  synthesis  compared  to 
IGFBP-3 -uninduced  cells  (MCF-7  :IGFBP-3  #3  without  ponasterone  A),  shown  in  Fig.  2A.  This  inhibitory  effect  of 
IGFBP-3  was  dose-dependent,  with  45%  inhibition  at  a  concentration  of  10  pM  ponasterone  A  (p<0.001).  Meanwhile, 
an  inhibition  ofDNA  synthesis  in  pVgRXR-transfected  control  cells  (MCF-7:EcR)  was  not  prominent.  This  effect  of 
IGFBP-3  does  not  result  from  blocking  the  mitogenic  actions  of  IGFs  by  preventing  their  binding  to  IGF  receptors, 
because  MCF-7  cells,  which  do  not  produce  IGF  peptides  (25),  were  cultured  in  SFM  in  our  system  to  exclude  the 
effects  of  IGFs.  Moreover,  this  IGFBP-3-induced  inhibitory  effect  was  abolished  by  co-treatment  with  Y60L-IGF-I,  an 
IGF  analog  with  a  leucine  for  tyrosine  substitution  at  amino  acid  position  60,  has  a  100-fold  reduced  affinity  for  IGF 
receptors  but  full  affinity  for  IGFBP-3,  demonstrating  the  specificity  of  the  IGF/IGF  receptor-independent  action  of 
IGFBP-3  (Fig.  2B). 

IGFBP-3  Arrests  the  Cell  Cycle  and  Regulates  Cell  Cycle-related  Proteins 

To  identify  the  mechanism  for  the  growth- inhibitory  effect  of  IGFBP-3,  we  performed  flow  cytometry  analysis.  MCF- 
7:IGFBP-3  #3  and  EcR  cells  cultured  in  SFM  with  or  without  ponasterone  A  were  used  to  analyze  the  cell  cycle  profile 
by  propidium  iodide  staining  ofDNA  content  followed  by  flow  cytometry  detection.  The  treatment  of  MCF-7  :IGFBP- 
3  #3  with  15  pM  ponasterone  A  caused  a  decrease  in  the  percentage  of  cells  in  the  S  phase,  from  18.4%  in  the  absence 
of  ponasterone  A  to  13.8%  and  an  accumulation  of  cells  in  the  G1  phase  from  72.1%  to  78.1%  (Fig.  3).  There  was  no 


change  in  the  cell  cycle  distribution  in  EcR  cells  treated  with  ponasterone  A  (data  not  shown).  These  results  suggest  that 
induced  expression  of  IGFBP-3  leads  to  a  cell  cycle  arrest  in  the  Gl/S  phase.  We  further  examined  whether  IGFBP-3 
affects  the  levels  of  cell  cycle  regulatory  proteins,  such  as  cyclin  D 1 ,  cyclin  D3 ,  cyclin  A,  cdk4,  Rb,  and  phospho-Rb, 
which  are  known  as  key  cell  cycle  regulatory  proteins  for  progression  through  G1  phase  of  the  cell  cycle  in  breast 
epithelial  cells  (27,  28).  Firstly,  we  examined  steady-stable  cyclin  D1  mRNA  level  by  northern  blotting  using  MCF- 
7:IGFBP-3  #3  cells  cultured  in  SFM  with  or  without  ponasterone  A  (Fig.  4A).  Both  cyclin  D1  mRNA  species, 
approximately  4.5  and  1 .5  kb  in  size,  were  observed  in  MCF-7:IGFBP-3  #3  cells.  A  significant  decline  in  4.5  kb  cyclin 
D1  mRNA  levels  were  observed  from  24  h  after  addition  of  ponasterone  A.  In  contrast,  the  1.5  kb  mRNA  species  was 
not  affected  by  addition  of  ponasterone  A.  The  expression  of  IGFBP-3  mRNA  was  observed  from  12  h,  before  the 
decrease  in  expression  of  cyclin  D 1  mRNA.  Hybridization  with  b-actin  showed  equal  loading  of  the  gel.  Further, 
immunoblot  analysis  revealed  a  concomitant  decline  in  the  levels  of  cyclin  D1  protein  (Fig.4B).  Addition  of  ponasterone 
A  resulted  in  a  reduction  in  cyclin  D1  inMCF-7:IGFBP-3  #3  cells,  but  not  in  EcR  cells.  Decreased  levels  of  cyclin  D1 
in  MCF-7:IGFBP-3  #3  cells  with  ponasterone  A  was  reversed  by  co-treatment  ofY60L-IGF-I  (Fig.  4C),  suggesting  the 
IGFBP-3  either  directly  or  indirectly  is  involved  in  regulating  cyclin  D 1  expression  in  an  IGF/IGF  receptor-independent 
manner. 

Further  analysis  of  various  cell  cycle-regulated  proteins  was  performed  in  MCF-7:IGFBP-3  #3  cells  cultured 
in  SFM  with  or  without  ponasterone  A  at  0,  24, 48,  72  h.  As  shown  in  Fig.  5  A,  the  levels  of  cyclin  D1 ,  cdk4,  total  Rb, 
and  phosphorylated  Rb  were  decreased  from  day  1  and  levels  of  cyclin  A  from  day  3,  while  the  levels  of  cyclins  D3  and 
E  were  unchanged.  These  results  suggest  that  IGFBP-3  specifically  decreases  the  levels  of  cyclin  Dl,  cdk4,  and  total 
and  phosphorylated  Rb  in  these  cells,  presenting  a  possible  mechanism  for  IGFBP-3-induced  cell  cycle  arrest  in  Gl/S 
phase.  Ultimately,  the  decreased  levels  of  Rb  and  phosphorylated  Rb  may  serve  to  directly  suppress  exit  from  G1 
phase.  Additionally,  as  shown  in  Fig  5B,  immunocytochemistry  experiments  revealed  a  similar  pattern  of  decreased 
protein  levels.  Immunodetectable  levels  of  Cyclin  Dl  and  phosphorylated  Rb  proteins  were  significantly  reduced  in 
cells  induced  to  express  IGFBP-3  compared  to  controls. 

Effect  of  IGFBP-3  on  the  MAPK  signaling  pathway 

Previous  studies  indicated  that  mitogen-activated  protein  kinase  (MAPK)  cascades  modulate  the  expression 
of  cyclin  Dl  (29),  thus  we  examined  the  effect  of  IGFBP-3  on  MAPK  cascade  proteins.  Fig.  6 A  shows  that  the  levels 
of  phosphorylated,  but  not  total  p44/42  MAPK  was  decreased  in  MCF-7:IGFBP-3  #3  cells  after  induction  of  IGFBP- 
3  with  ponasterone  A.  Further,  immunofluorescent  microscopy  studies  demonstrated  that  induced  expression  of  IGFBP- 
3  results  in  significant  decrease  as  well  as  disturbed  subcellular  localization  of  phosphorylated  p44/42  MAPK  (Fig. 
6B).  This  suggests  that  the  IGFBP-3 -mediated  decrease  in  cyclin  Dl  results,  at  least  in  part,  of  modulation  of  p44/42 


MAPK  activity. 

To  further  investigate  the  cross-talk  between  IGFBP-3  signaling  and  the  MAPK  signaling  cascades,  we 
transiently  transfected  constitutively  active  Ras  (RasV12)  into  our  cell  system.  As  shown  in  Fig.  7,  overexpession  of 
oncogenic  Ras  resulted  in  stimulation  of  DNA  synthesis  as  well  as  activation  of  p44/42  MAPK.  Induction  of  IGFBP- 
3  expression  caused  a  significant  inhibition  of  both  oncogenic  Ras-induced  DNA  synthesis  and  p44/42  MAPK 
phosphorylation.  Taken  together,  these  data  suggest  that  IGFBP-3  antagonizes  Ras-MAPK  signaling  cascades. 


IGFBP-3  induces  apoptosis 

At  the  same  time,  we  determined  whether  IGFBP-3  could  induce  apoptosis  using  the  annexin  V  binding  assay,  which 
is  used  to  identify  cells  in  the  early  stages  of  the  apoptotic  process  (26).  Fig.8A  shows  that  induced  expression  of 
IGFBP-3  caused  increase  in  the  percentage  of  cells  in  the  apoptosis,  from  1.5%  in  the  absence  ofponasterone  A  to  36%, 
suggesting  that  IGFBP-3  induces  apoptosis  in  this  cell  system.  Additional  indication  that  IGFBP-3  induces  apoptosis 
came  from  results  of  assays  for  caspase  activity.  The  data  in  Fig  8B  demonstrate  that  induction  of  IGFBP-3  expression 
causes  an  increase  caspase  activity  in  these  cells  as  measured  by  incubating  cell  lysates  with  a  combination  of  the 
purified  fluorogenic  caspase  substrate  peptides  DEVD-AMC  and  LEHD-AMC.  Caspase  activity  in  uninduced  cells 
lysates  was  detected  at  an  average  of  7.8  pmol  AMC  released/min/mg  to  an  average  of  10  pmol/min/mg  with  induced 
IGFBP-3  expression  (p<0.05)  at  48  hrs.  In  addition,  IGFBP-3  increases  caspase  activity  in  a  dose-dependent  manner. 
The  topoisomerase  II  inhibitor  etoposide,  and  taxol,  which  reversibly  binds  to  tubulin,  were  used  as  control  apoptosis 
inducers.  To  present  further  evidence  of  capase  activation  by  IGFBP-3,  we  examined  cleavage  of  one  caspase  sub¬ 
strate,  poly(ADP-ribose)  polymerase  (PARP)  by  immunoblotting.  This  nuclear  enzyme  is  proteolytically  cleaved  by 
activated  caspases  during  apoptosis  (30).  As  shown  in  Fig.  8C,  the  induced  expression  of  IGFBP-3  resulted  in  an 
increase  of  the  85  kDa  carboxy  terminal  fragment  of  PARP,  confirming  that  IGFBP-3  induces  apotosis  at  least,  in  part, 
through  activation  of  caspases  in  MCF-7  breast  cancer  cell  system. 


Discussion 


A  growing  accumulation  of  data  has  demonstrated  that  some  IGFBPs,  including  IGFBPs  -1,  -3,  -5,  and  pre¬ 
sumably  IGFBP-rPs,  have  their  own  IGF-independent  biological  actions  (3,  5,  8-11).  In  particular,  the  IGF-indepen- 
dent  effects  of  IGFBP-3  have  been  reported  in  various  cell  systems  by  treatment  of  recombinant  IGFBP-3  exogeneously 
or  use  of  stable  transfection  systems.  However,  its  action  requires  relatively  high  concentrations  of  recombinant  IGFBP- 
3,  ranging  500-1500  ng/ml  to  achieve  biological  effects  of  IGFBP-3  (8,  11,  20,  21).  At  present  study,  we  utilize  the 
ecdysone-inducible  expression  system  in  MCF-7  human  breast  cancer  cells,  and  thereby  examining  the  biological 
effects  of  endogenous  IGFBP-3  expressed  under  controlled  induction.  As  demonstrated,  human  endogenous  IGFBP- 
3  was  induced  ranging  100-150  ng/ml  in  our  cell  system,  of  which  concentrations  appear  to  be  comparable  to  those 
obtained  in  conditioned  media  after  treatment  of  various  reagents,  such  as  TGF-b,  RA,  TNF-a  and  entiestrogen,  for 
investigation  of  biological  function  of  induced  IGFBP-3  in  various  cell  systems.  Our  results  demonstrate  that  this 
lower  concentration  of  endogenous  IGFBP-3  is  sufficient  to  inhibit  DNA  synthesis  and  induces  apoptosis,  despite 
relatively  high  concentrations  (300-1000  ng/ml)  of  recombinant  IGFBP-3  which  were  required  to  obtain  similar  bio¬ 
logical  effects  of  IGFBP-3  in  MCF-7  cells  (21).  It  is  tempting  to  speculate  that  difference  in  the  sensitivity  oflGFBP- 
3  on  biological  function  may  result  from  the  difference  of  IGFBP-3  preparations,  that  is  a  natural  vs.  recombinant  form, 
and  endogenous  secretory  protein  from  the  cell  or  exogenous  form  added  to  the  cultures.  In  addition,  post-translational 
modifications,  such  as  glycosylation  and  phosphorylation,  may  affect  the  sensitivity.  On  the  other  hand,  sensitivity  to 
IGFBP-3  may  determine  whether  the  cell  types  express  the  oncogenes  or  other  molecules  which  influence  the  signal¬ 
ing  pathways  in  the  development  of  IGFBP-3  insensitivity.  Martin  and  Baxter  (31)  reported  that  resistance  to  IGFBP- 
3  is  induced  in  normal  mammary  epithelial  cells  transfected  with  oncogenic  ras,  therby  activating  the  MAPK/ERK 
pathway.  In  contrast,  MCF-10A  normal  human  mammary  epithelial  cells,  which  require  10-100  ng/ml  human  plasma- 
derived  IGFBP-3  to  achieve  a  similar  level  of  inhibition  to  that  seen  with  500-1500  ng/ml  in  the  transformed  cells,  are 
considerably  more  sensitive  to  IGFBP-3  than  breast  cancer  cells.  Increased  activity  of  oncogenic  Ras -dependent  sig¬ 
naling  pathways  is  implicated  in  the  development  of  IGFBP-3  insensitivity  (31).  It  is  of  note  that  MCF-7  cells  do  not 
express  oncogenic  Ras,  which  may  explain  why  such  low  concentrations  of  IGFBP-3  are  sufficient  to  exert  its  biologi¬ 
cal  effects. 

The  IGF-independent  effect  of  IGFBP-3  has  been  extensively  investigated  in  variety  of  cell  systems,  how¬ 
ever,  the  mechanisms  by  which  these  actions  are  exerted  are  not  fully  elucidated.  Recent  studies  have  proposed  that 
IGFBP-3  functions  as  an  apoptosis-inducing  agent  and  that  this  action  is  mediated  through  a  p53-  and  IGF-independent 
pathway  in  PC-3  prostate  cancer  cells  (20),  whereas  IGFBP-3  has  no  direct  inhibitory  effect  on  Hs578T  breast  cancer 
cells  but  could  accentuate  apoptosis  induced  by  ceramide  (22).  On  the  other  hand,  a  vitamin  D3  analog  (Ro  24-553 1) 
inhibits  cell  growth  and  increases  the  IGFBP-3  mRNA  and  protein  levels  in  human  osteosarcoma  cell  line,  and  the 


inhibition  in  cell  growth  is  accompanied  by  a  decrease  in  the  expression  of p34cdc2,  a  protein  critically  involved  in  cell 
cycle  regulation.  These  studies  have  provided  circumstantial  evidence  that  IGFBP-3  involves  cell  growth  arrest  (32). 
Our  present  studies  focus  on  identification  of  the  potential  mechanism  for  IGFBP-3 -induced  growth  inhibition,  and 
demonstrate  for  the  first  time  that  IGFBP-3  induces  cell  cycle  arrest  in  G1  phase  by  regulating  expression  of  cell  cycle- 
regulatory  proteins,  in  particular  cyclin  Dl,  as  well  as  inducing  apoptosis  by  modulating  proapoptotic  caspase  activi¬ 
ties. 

Since  IGFBP-3  prevents  cell  cycle  progression  at  G1  phase,  we  determined  whether  IGFBP-3  affects  cell 
cycle-regulated  proteins  in  MCF-7:IGFBP-3  #3  cells.  Components  responsible  for  the  coordinated  progression  through 
the  cell  cycle  include  the  cyclin-dependent  kinases  (cdks),  regulatory  cyclin  subunit,  and  cdk  inhibitors  (33-35).  Once 
extracellular  signals  activate  the  synthesis  of  the  regulatory  cyclin  subunit,  appropriate  sites  on  the  catalytic  subunit 
must  be  phosphorylated  by  the  cdk-activating  kinase  (CAK,  also  known  cdk7)  to  phosphorylate  the  product  of  the  Rb 
gene,  resulting  in  the  derepression  of  E2F/DP-dependent  transcription  and  passage  through  S  phase  of  the  cell  cycle 
(36,  37).  D-type  cyclins  (cyclins  Dl,  D2,  and  D3),  in  conjunction  with  their  catalytic  partners,  cdk4  and  cdk6,  have 
been  known  to  execute  their  critical  functions  during  mid-to-late  G1  phase,  as  cells  cross  a  G1  restriction  point  (33). 
Overexpression  of  cyclin  Dl  can  shorten  the  G1  cell  cycle  phase,  decrease  cell  size,  reduce  requirements  for  growth 
factors  (38-40).  Microinjection  of  antisense  constructs  or  antibodies  to  cyclin  Dl  into  normal  fibroblasts  can  prevent 
them  from  entering  S  phase  (38,  41).  In  contrast,  cyclin  E  is  expressed  later  in  G1  phase  and  its  expression  is  periodic 
and  maximal  at  the  Gl-S  transition  (42).  In  our  study,  we  have  found  that  induction  of  IGFBP-3  leads  to  inhibition  of 
expression  of  cyclin  D 1  mRNA  followed  by  a  reduction  in  protein  levels,  and  concomitant  decrease  of  cdk4,  total  Rb, 
and  phospho-Rb  proteins,  indicating  a  possible  mechanism  of  cell  cycle  arrest  in  Gl/S  phase.  In  contrast,  cyclin  D3, 
cyclin  A,  and  cyclin  E  do  not  show  any  change,  suggesting  that  cyclin  Dl  is  a  major  player  in  the  regulation  of  Gl-S 
phase  progression  by  IGFBP-3  in  MCF-7  cells.  Cyclin  Dl  is  important  for  neoplastic  transformation  as  well  as  cell 
cycle  pregression.  When  cyclin  Dl  is  cotransfected  with  other  oncogenes,  such  as  activated  Ha-ras  or  adenovirus  El  A 
into  human  fibroblast,  malignant  transformation  of  cells  has  been  reported  (43, 44).  Overexpression  of  cyclin  Dl  in  the 
mammary  gland  of  transgenic  mice  induces  mammary  carcinoma  (45).  Moreover,  dysregulated  cyclin  Dl  expression 
have  been  observed  in  human  neoplasia,  including  breast  cancer  (46, 47).  These  results  suggest  that  IGFBP-3,  which  is 
able  to  modulate  cyclin  Dl  expression,  has  a  potential  role  in  a  strategy  for  anti-cancer  therapy. 

The  expression  of  cyclin  Dl  is  known  to  be  regulated  by  transcriptional,  translational,  and  posttranscriptional 
processes  (48,  49).  Multiple  signaling  pathways  seem  to  be  involved  in  the  regulation  of  cyclin  Dl  expression  at  a 
transcriptional  level.  Previous  studies  have  shown  that  cyclin  Dl  expression  is  regulated  by  the  p42p/44  MAPK,  p38 
MAPK,  and  Jun  kinases  (JNKs)  (29).  Moreover,  direct  induction  of  cyclin  Dl  can  be  achieved  by  serum,  growth 
factors,  cytokines,  Rb,  oncogenic  Ras,  and  Src  kinase  (29,  50-53).  Ectopic  expression  of  E2F1  inhibits  the  cyclin  Dl 


protein  at  the  transcriptional  level,  suggesting  a  negative  feedback  for  cells  already  in  S  phase  (54).  Decreased  expres¬ 
sion  of  cy clin  D1  by  IGFBP-3  shown  in  this  study  may  be,  at  least  in  part,  associated  with  the  decreased  level  of  p42/ 
p44  MAPK  activity.  Our  results  demonstrated  that  induced  expression  of  IGFBP-3  results  in  inhibition  of  not  only 
basal  level  of  phosphorylation  of  p42/p44  MAPK  but  also  oncogenic-Ras-induced  phosphorylation  of  p42/p44  MAPK, 
indicating  that  IGFBP-3  appears  to  interact  with  the  Ras-MAPK  signaling  cascades,  presumably  on  a  downstream 
effector  of  Ras  and  thereby  regulating  cyclin  D1  expression  and  subsequent  cell  cycle  progression.  More  proximal 
events  of  IGFBP-3 -induced  antagonism  of  the  MAPK  signaling  pathway  will  be  the  subject  of  future  studies  in  our 
laboratory. 

Beyond  arrest  of  the  cell  cycle,  our  data  also  indicate  that  cellular  expression  of  IGFBP-3  promotes  apoptosis 
in  MCF-7  cells.  Apoptosis  is  a  major  multi-faceted  form  of  cell  death,  that  has  been  implicated  as  playing  a  role  in 
several  human  diseases,  including  cancer.  There  are  a  series  of  events  involved  in  the  commitment  and  execution  of 
apoptotic  cell  death,  several  of  which  have  been  well  characterized.  Among  these  are  changes  in  the  plasma  mem¬ 
brane,  with  the  enzymatically-driven  translocation  or  “flipping”  ofphosphatidylserine  (PS)  to  the  extracellular  surface. 
The  result  of  this  process  can  be  detected  utilizing  the  binding  properties  of  Annexin  V,  which  binds  preferentially  to 
PS  and  other  negatively  charged  phospholipids.  Our  results  show  a  clear  and  significant  increase  in  annexin  V  binding 
in  cells  induced  for  IGFBP-3  expression  relative  to  controls.  Another  indicator  of  the  apoptotic  process  is  caspase 
activity.  Caspases  are  a  family  of  evolutionarily  related  cysteine-dependent  proteases,  with  an  universal  specificity  for 
Asp  in  the  P^  position,  that  play  a  prominent  role  during  the  progression  of  apoptosis.  Activation  of  caspases  and 
subsequent  cleavage  of  critical  cellular  substrates  are  implicated  in  many  of  the  morphological  and  biochemical  changes 
associated  with  apoptotic  cell  death.  Using  an  assay  which  detects  activity  of  a  broad  range  of  caspases,  we  demon¬ 
strate  a  measurable  and  reproducible  increase  in  caspase  activity  in  IGFBP-3 -induced  cells  relative  to  control  uninduced 
cells,  and  further  the  increase  in  caspase  activity  was  dose-dependent  with  regard  to  IGFBP-3.  Furthermore,  increased 
cleavage  of  the  caspase  substrate  poly(ADP-ribose)  polymerase  (PARP)  was  observed  after  induction  of  IGFBP-3 
expression.  The  nuclear  enzyme  PARP  is  proteolytically  cleaved  by  activated  caspases,  primarily  caspases  3  and  7 
during  apoptosis,  but  can  also  be  cleaved  in  vitro  by  a  wide  range  of  caspases  (30),  It  is  of  note  that  MCF-7  cells  do  not 
express  caspase  3  due  tu  a  functional  deletion  of  the  gene  (55),  suggesting  that  the  IGFBP-3 -induced  activation  of 
caspase  activity  may  be  mediated  primarily  through  caspase  7  and  others.  Nevertheless,  these  three  lines  of  evidence 
indicate  that  induction  /  promotion  of  apoptosis  is  a  major  effect  of  cellular  expression  of  IGFBP-3  in  these  cells. 

Our  previous  studies  have  demonstrated  that  IGFBP-3  inhibits  cell  growth  in  an  IGF-independent  manner 
through  an  IGFBP-3  receptor  in  Hs578T  breast  cancer  cells  (8,  9,  13).  In  addition,  we  have  sequenced  and  character¬ 
ized  a  novel  gene/protein  which  specifically  interacts  with  IGFBP-3,  designated  IGFBP-3  receptor  (BP3-R)  (unpub¬ 
lished  data).  When  we  transfect  BP-3R  into  IGFBP-3 -induced  cells,  DNA  synthesis  was  further  inhibited  (by  an  aver- 


age  of  65%)  compared  to  control  IGFBP-3-induced  cells  (an  average  of  45%),  suggesting  that  IGFBP-3  and  BP-3R 
appear  to  cooperatively  suppress  DNA  synthesis  and  cell  growth,  to  an  extent  greater  than  that  seen  with  IGFBP-3 
alone  (unpublished  data).  Furthermore,  BP-3  R  alone  without  induction  of  IGFBP-3  results  in  no  significant  changes  in 
DNA  synthesis  and  cell  growth  in  the  same  cell  system,  suggesting  necessity  of  interaction  between  IGFBP-3  and  BP- 
3R  for  IGFBP-3-induced  biological  function. 

We  thus  concluded  that  cellular  expression  of  IGFBP-3  inhibits  DNA  synthesis  and  cell  growth  through  the 
cell  cycle  arrest  in  G1  phase  and  induction  of  apoptosis  at  physiological  concentrations  in  an  IGF-independent  manner 
in  MCF-7  breast  cancer  cells.  Regardless  of  the  underlying  mechanisms,  the  present  study  demonstrates  that  IGFBP-3 
decreases  the  levels  of  cyclin  D1  protein,  followed  by  cdk4,  Rb,  and  phospho-Rb,  indicating  a  possible  mechanism  of 
cell  cycle  arrest.  Although  we  cannot  exclude  a  possible  additional  posttranscriptional  and  translational  regulation  of 
cyclin  D1  by  IGFBP-3,  our  results  suggest  that  IGFBP-3  decreases  the  cyclin  D1  expression  at  the  level  of  transcrip¬ 
tion,  in  part,  through  the  decline  in  p42/p44  MAPK  expression.  This  novel  cell  cycle  regulatory  and  apoptosis-inducing 
aspect  of  IGFBP-3  have  clinical  significance  in  the  prevention  and/or  treatment  of  human  neoplasia,  particularly  in 
conjunction  with  IGFBP-3  receptor. 


References 

1.  Shimasaki,  S.,  and  Ling,  N.  (1991)  Progress  Growth  Factor  Res.  3,  243-266 

2.  Jones,  J.  I.,  and  Clemmons,  D.  R.  (1995)  Endocr.  Rev.  16,  3-34 

3.  Kim,  H.  -S.,  Nagalla,  S.  R.,  Oh,  Y.,  Wilson,  E.,  Roberts,  C.  T.  Jr.,  and  Rosenfeld,  R.  G.  (1997) 

Proc.  Natl.  Acad.  Sci.  U.  S.  A.  94, 12981-12986 

4.  Baxter,  R.  C.,  Binoux,  M.A.,  Clemmons,  D.  R.,  Conover,  C.  A.,  Drop,  S.  L.  S.,  Holly,  J.  M.  R,  Mohan,  S.,  Oh, 
Y.,  and  Rosenfeld,  R.  G.  (1998)  Endocrinology  139, 4036 

5.  Hwa,  V.,  Oh,  Y.,  and  Rosenfeld,  R.  G.  (1999)  Endocr.  Rev.  20, 761-787 

6.  Villaudy,  J.,  Delbe,  J.,  Blat,  C.,  Desauty,  G.,  Golde,  A.,  and  Harel,  L.  (1991)  J.  Cell  Physiol.  149, 492-496 

7.  Liu,  L.,  Delbe,  J.,  Blat,  C.,  Zapf,  J.,  and  Harel,  L.  (1992)  J.  Cell.  Biol.  153, 15-21 

8.  Oh,  Y.,  Muller,  H.L.,  Lamson,  G.,  and  Rosenfeld,  R.  G.  (1993)7.  Biol.  Chem.  268,  14964-14971 

9.  Oh,  Y.,  Muller,  H.  L.,  Pham,  H.  M.,  and  Rosenfeld,  R.  G.  (1993)  J.  Biol.  Chem.  268,  26045-26048 

10.  Cohen,  P.,  Lamson,  G.,  Okajima,  T.,  and  Rosenfeld,  R.  G.  (1993)  Mol.  Endocrinol.  7, 380-386 

11.  Valentinis,  B.,  Bhala,  A.,  De  Angelis,  T.,  Baserga,  R.,  and  Cohen,  P.  (1995)  Mol.  Endocrinol.  9,  361-367 

12.  MacDonald,  R.  G.,  Schaffer,  B.  S.,  Kang,  I.-J.,  Hong,  S.  M.,  Kim,  E.  J.,  and  Park  J.  H.  Y.  (1999) 

J.  Gastroenterol.  Hepatol.  14,  72-78 

13.  Oh,  Y,  Muller,  H.  L.,  Ng,  L.,  and  Rosenfeld,  R.  G.  (1995)  J.  Biol.  Chem.  270,  13589-13592 

14.  Gucev,  Z.  S.,  Oh,  Y.,  Kelly,  K.  M.,  and  Rosenfeld,  R.  G.  (1996)  Cancer  Res.  56,  1545-1550 

15.  Huynh,  H.,  ang,  X.,  and  Poliak,  M.  (1996)  J.  Biol.  Chem.  271,  1016-1021 

16.  Colston,  K.  W.,  Perks,  C.  M.,  Xie,  S.  R,  and  Holly,  J.  M.  (1998)  J.  Mol.  Endocrinol.  20, 157-162 

17.  Rozen,  F.,  Zhang,  J.,  and  Poliak,  M.  (1998)  Int.  J.  Oncol.  13,  865-869 

18.  Buckbinder,  L.,  Talbott,  R.,  Velasco -Miguel,  S.,  Takenata,  I.,  Faha,  B.,  Seizinger,  B.  R.,  and  Kley, 

N.  (1995)  Nature  377,  646-649 

19.  Lalou,  C.,  Lassarre,  C.,  and  Binoux,  M.  (1996)  Endocrinology  137,  3206-3212 

20.  Rajah,  R.,  Valentinis,  B.,  and  Cohen  P.  (1997)  J.  Biol.  Chem.  272, 12181-12188 

21.  Nickerson,  T.,  Huynh,  H.,  and  Poliak,  M.  (1997)  Biochem.  Biophys.  Res.  Commun.  237,  690-693 

22.  Gill,  Z.  P.,  Perks,  C.  M.,  Newcomb,  P.  V.,  and  Holly,  J.  M.  P.  (1997)  J.  Biol.  Chem.  272, 25602- 
25607 

23.  Beukers,  M.  W.,  Oh,  Y.,  Zhang,  H.,  Ling,  N.,  and  Rosenfeld,  R.  G.  (1991)  Endocrinology  128, 

1201-1203 

24.  Sakaguchi,  K.,  Yanagishita,  M.,  Takeuchi,  Y.,  and  Aurbach,  G.  D.  (1991)  J.  Biol.  Chem.  266, 

7270-7278 

25.  Gebauer,  G.,  Jager,  W.,  and  Lang,  N.  (1998)  Antican.  Res.  18, 1 191-1195 

26.  Chan,  A.,  Reiter,  R.,  Wiese,  S.,  Fertig,  G.,  and  Gold,  R.  (1998)  Histochem.  Cell.  Biol.  110,  553- 
558 

27.  Sherr,  C.  J.  (1996)  Science,  274,  1672-1677 

28.  Sweeney,  K.  J.,  Musgrove,  E.  A.,  Watts,  C.  K.,  and  Surherland,  R.  L.  (1996)  Cancer  Treat  Res.  83, 

141-170 

29.  Albanese,  C.,  Johnson,  J.,  Watanabe,  G.,  Eklund,  N.,  Vu,  D.,  Arnold,  A.,  and  Pestell,  R.  G.  (1995) 

J.  Biol.  Chem.  270,  23589-23597 

30.  Fernandes- Alnemri,  T.,  Takahashi,  A.,  Armstrong,  R.,  Krebs,  J.,  Fritz,  L.,  Tomaselli,  K.  J.,  Wang,  L,,  Yu,  Z., 
Croce,  C.  M.,  Salvenson,  G.,  Eamshaw,  W.  C.,  Litwack,  G.,  and  Alnemri,  E.  S.  (1995)  Cancer  Res.  55,  6045- 
6052. 


31.  Martin,  J.  L.,  and  Baxter,  R.  C.  (1999)  J.  Biol.  Chem .  274,  16407-16411 

32.  Velez- Yanguas,  M.  C.,  Kalebic,  T.,  Maggi,  M.,  Kappel,  C.  C.,  Letterio,  J.,  Uskokovic,  M.,  and 
Helman,  L.  J.  (1996)7.  Clin .  Endocrinol  Metab.  81,  93-99 

33.  Sherr,  C.  J.  (1993)  Cell  73,  1059-1065 

34.  Morgan,  D.  O.  (1997)  Annu.  Rev.  Cell  Dev.  Biol  13,  261-291 

35.  Reed,  S.  I.  (1997)  Cancer  Sutv.  29,  7-23 

36.  Weinberg,  R.  A.  (1995)  Cell  81, 323-330 

37.  Dyson,  N.  (1998)  Genes  Dev.  12,  2245-2262 

38.  Quelle,  D.  E.,  Ashmun,  R.  A.,  Shurtleff,  S.A.,  Kato,  J.  Y.,  Bar-Sagi,  D.,  Roussel,  M.  F.,  and 
Sherr,  C.  J.  (1993)  Genes  Dev.  7,  1559-1571 

39.  Resnitzky,  D.,  Gossen,  M.,  Bujard,  H.,  and  Reed,  S.  I.  (1994)  Mol  Cell.  Biol  14,  1669-1679 

40.  Imoto,  M.,  Doki,  Y.,  Jian,  W.,  Han,  E.  K.,  and  Weinstein,  I.  B.  (1997)  Exp.  Cell  Res.  236,  173- 
180 

41 .  Tam,  S.  W.,  Theodoras,  A.  M.,  Shay,  J.  W.,  Draetta,  G.  F.,  and  Pagano,  M.  (1994)  Oncogene  9, 

2663-2674 

42.  Dulic,  V.,  Lees,  E.,  and  Reed,  S.  I.  (1992)  Science  257,  1958-1961 

43.  Lovec,  H.,  Sewing,  A.,  Lucibello,  F.  C.,  Muller,  R.,  and  Moray,  T.  (1994)  Oncogene  9,  323-326 

44.  Hinds,  P.  W.,  Dowdy,  S.  F.,  Eaton,  E.  N.,  Arnold,  A.,  and  Weinberg,  R.  A.  (1994)  Proc.  Natl 
Acad.  Sci.  U.  S.  A.  91,  709-713 

45.  Wang,  T.  C.,  Cardiff,  R.  D.,  Zukerberg,  L.,  Lees,  E.,  Arnold,  A.,  and  Schmidt,  E.  V.  (1994)  Nature 
(Lond.)  369,  669-671 

46.  Buckley,  M.  F.,  Sweeney,  K.  J.,  Hamilton,  J.  A.,  Sini,  R.  L.,  Manning,  D.  L.,  Nicholson,  R.  I., 
deFazio,  A.,  Watts,  C.  K.,  Musgrove,  E.  A.,  and  Sutherland,  R.  L.  (1993)  Oncogene  8,  2127-2133 

47.  Bartkova,  J.,  Lukas,  J.,  Muller,  H.,  Strauss,  M.,  Gusterson,  B.,  and  Bartek,  J.  (1995)  Cancer  Res. 

55,  949-956 

48.  Choi,  Y.  H.,  Lee,  S.  J.,  Nguyen,  P.,  Jang,  J.  S.,  Lee,  J.,  Wu,  M.  L.,  Taqkano,  E.,  Maki,  M., 

Henkart,  P.  A.,  and  Trepel,  J.  B.  (1997)  J.  Biol.  Chem .  272,  28479-28484 

49.  Sherr,  C.  J.  (1995)  Trends ,  Biochem.  Sci.  20,  187-190 

50.  Westwick,  J.  K.,  Lambert,  Q.  T.,  Clark,  G.  J.,  Symons,  M.,  Van  Aelst,  L.,  Pestell,  R.  G.,  and  Der, 

C.  J.  (1997)  Mol  Cell  Biol.  17,  1324-1335 

51.  Lee,  R.  J.,  Albanese,  C.,  Stenger,  R.,  Watanabe,  G.,  Inghirami,  G.,  Haines,  G.  K.,  Penar,  P., 

Webster,  M.,  Muller,  W.  J.,  Brugge,  J.,  Davis,  R.,  and  Pestell,  R.  G.  (1999)  J.  Biol  Chem.  274, 

7341-7350 

52.  Brown,  J.  R.,  Nigh,  E.,  Lee,  R.  J.,  Ye,  H.,  Thompson,  M.  A.,  Saudou,  F.,  Pestell,  R.  G.,  and 
Greenberg,  M.  E.  (1998)  Mol  Cell.  Biol  18, 5609-5619 

53.  Muller,  H.,  Lukas,  J.,  Schneider,  A.,  Warthoe,  R,  Bartek,  J.,  Eilers,  M.,  and  Strauss,  M.  (1944) 

Proc.  Natl  Acad.  Sci.  U.  S.  A.  91, 2945-2949 

54.  Watanabe,  G.,  Albanese,  C.,  Lee,  R.  J.,  Reutens,  A.,  Vairo,  G.,  Henglein,  B.,  and  Pestell,  R.  G. 

(1998)  Mol.  Cell  Biol  18,  3212-3222 

55.  Kirsch,  D.,  Doseff,  A.,  Chau  B.  N,  Lim  D.  S.,  de  Souza-Pinto,  N.  C.,  Hansford  R.,  Kastan,  M.  B.,  Lazebnik  Y. 

A.,  and  Hardwick,  J.  M.  (1999)/.  Biol.  Chem.  274,  21155-21161. 


Fig.  1.  Panel  of  IGFBP-3  expression  in  16  clones  tested  for  induction  with  ponasterone  A.  MCF-7  cells  were  stably 
transfected  using  the  ecdyson-inducible  system.  Transfected  cells  were  selected  in  G41 8-  and  Zeocin-containing  medium. 
Incubation  of  the  cells  with  Ponasterone  A  induces  the  expression  of  IGFBP-3.  Clones  1  and  16  constitutively  expressed 
IGFBP-3;  clones  2,  3,  and  6  expressed  IGFBP-3  in  an  inducible  manner. 

Fig.  2.  Inhibitory  effect  of  IGFBP-3  on  DNA  synthesis  in  inducible  stably  transfected  MCF-7  cells.  A)  Cells  were 
treated  with  ponasterone  A  at  concentrations  of  0-10  |iM  for  72  h  in  SFM  prior  to  assessing  DNA  synthesis  by  [^H]- 
thymidine  incorporation.  Significant  decreases  in  DNA  synthesis  compared  with  noninducible  control  (receptor  only) 
transfected  cells  were  seen.  B)  Ceils  were  treated  with  Y60L-IGF-I  (100  ng/ml),  an  IGF-I  analog  with  significantly 
reduced  affinity  for  the  IGF  receptor  but  high  affinity  for  IGFBPs,  in  the  presence  or  absence  of  ponasterone  A  ( 1 0  |xM) 
as  indicated  for  72  h  prior  to  assay  for  [^H] -thymidine  incorporation.  The  inhibitory  effect  of  IGFBP-3  was  abolished 
by  Y60L-IGF-I,  demonstrating  IGFBP-3  specificity  and  IGF -independency.  *  =  p<0.05,  **  =  p<0.001 . 

Fig.  3.  Cell  cycle  arrest  in  the  IGFBP-3-induced  cells.  Asynchronous  MCF-7:IGFBP-3  #3  cells  were  seeded  with  or 
without  ponasterone  Ain  SFM  for  72  h.  The  percentages  of  cells  in  the  various  phases  of  the  cell  cycle  were  determined 
by  propidium  iodide  ataining  for  DNA  content  and  subsequent  flow  cytometry.  These  data  show  that  induced  expression 
of  IGFBP-3  resulted  in  an  arrest  of  the  cell  cycle  in  G1  phase. 

Fig.  4.  Induced  IGFBP-3  expression  causes  a  reduction  in  Cyclin  D1  at  mRNA  and  protein  levels.  A)  Northern  blot 
analysis  of  a  time  course  of  cyclin  D1  and  IGFBP-3  expression  in  induced  and  uninduced  cells.  With  the  induction  of 
IGFBP-3,  expression  of  the  4.5  kb  cyclin  D1  mRNA  species  is  decreased.  Expression  of  the  1.5  kb  species  is  not 
affected.  B-actin  was  used  as  a  control.  B)  Western  blot  analysis  of  Cyclin  D1  protein  in  the  MCF-7  :IGFBP-3  #3  and 
MCF-7  :EcR  cells  after  treatment  with  increasing  concentrations  of  ponasterone  A  for  72  h.  Induction  of  IGFBP-3 
results  in  a  significant  decrease  in  the  level  of  Cyclin  Dl.  C)  Co-treatment  with  Y60L-IGF-I  reverses  the  decreased 
level  of  cyclin  Dl  showed  in  IGFBP-3-induced  cells,  demonstrating  specificity  of  IGFBP-3. 

Fig  5.  Cell  cycle  proteins  affected  by  induction  of  IGFBP-3  expression.  A)  Western  blot  analysis  of  various  cell  cycle- 
related  proteins  in  the  MCF-7:IGFBP-3  #3  cells  cultured  in  the  presence  or  absence  of  ponasterone  A  at  indicated  time. 
The  expression  of  cyclin  Dl,  cdk4,  total  Rb,  and  phospho-Rb  starts  to  decline  from  day  1  in  the  IGFBP-3 -induced  cells, 
presenting  a  possible  direct  mechanism  for  IGFBP-3-induced  cell  cycle  arrest.  A  decrease  of  cyclin  A  expression  is 
evident  after  day  3.  B)  Immuno  fluorescent  staining  of  cells  showing  the  decrease  in  Cyclin  Dl  and  phosphorylated 
Rb  detectable  levels  with  the  induction  of  IGFBP-3. 


Fig.  6.  IGFBP-3  induction  causes  a  decrease  in  active  MAPK.  A)  Western  blot  analysis  of  p44/42  mitogen-activated 
protein  kinase  (MAPK)  and  phosphorylated  p44/42  MAPK  in  the  MCF-7:IGFBP-3  #3  cells  cultured  the  presence  or 
absence  of  ponasterone  A  at  indicated  time.  The  phosphorylation  of  MAPKs  declines  with  induction  of  IGFBP-3.  B) 
Immuno fluorescent  staining  of  phospho-p44/42  MAPK  in  control  uninduced  and  IGFBP-3-induced  cells.  A  decrease 
in  detectable  levels  of  phospho-MAPK  is  evident,  as  well  as  perturbed  subcellular  localization. 

Fig.  7.  IGFBP-3  antagonizes  Ras-induced  MAPK  signaling.  MCF-7:IGFBP-3  #3  cells  were  transfected  with  a 
constitutively  active  Ras  (RasV12)  construct,  which  increased  A)  DNA  synthesis  and  B)  phosphorylation  of  p44/42 
MAPK.  Induction  of  IGFBP-3  expression  abrogated  both  of  these  RasV12-induced  effects. 

Fig.  8.  Induction  of  apoptosis  in  the  MCF-7:IGFBP-3  #3  cells.  A)  Asynchronous  MCF-7:IGFBP-3  #3  cells  were 
seeded  with  or  without  ponasterone  A  for  72  h.  Cells  were  incubated  with  Annexin  V,  then  binding  of  Annexin  V  was 
determined  by  flow  cytometry.  IGFBP-3 -induced  cells  showed  significantly  increased  binding  of  Annexin  V,  an  indicator 
of  cells  undergoing  apoptosis.  B)  Asynchronous  MCF-7:IGFBP-3  #3  cells  were  cultured  with  or  without  ponasterone 
A,  and  cell  lysates  were  assayed  for  caspase  activity.  Induction  of  IGFBP-3  caused  a  dose-dependent  increase  in 
caspase  activity  compared  to  control  uninduced  levels.  C)  Detection  of  PARP  cleavage  to  the  p85  protein  species  as 
detected  by  western  immunoblot.  An  increase  in  the  p85  species  was  seen  in  lysates  from  IGFBP-3 -induced  cells 
compared  to  uninduced  controls.  *  =  p<0.05. 
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